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Two types of magnetic brush development using conductive and 
non-conductive carriers have been studied theoretically and 
experimentally. In the analysis, the relationship between devel- 
oped toner mass and primary development factors, such as toner 
layer potential, toner charge to mass ratio, recording layer capa- 
city and developer flow rate, has been investigated. The calcula- 
tions agree well with the measurements. 

This expression clarifies the parameters needed to obtain the 
required optical density of the developed image. 
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transfer material and toner layer is the same for all three methods. 
The optimum toner charge to mass ratio gives a maximum transfer 
ratio. Theory suggests that the maximum transfer speed is 6.7 m/s 
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above 80 percent at a paper speeds up to 2 m/s. 
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gamut is studied. In subjective assessments for color gamut in 
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A small and fast color scanner having precise color digitization 
has been developed. The scanner was designed using colorimetric 
simulation so that its characteristics match the RGB standard 
response. The filters and compensation matrix are adjusted to 
minimize color differences between the simulated and measured 
colors of the CIELAB color specimens. 

A filter-alternating mechanism, for color separation was devel- 
oped. A transparent filter is used for high speed monochrome 
scanning. 

The prototype scanner features excellent color performance, an 
average color difference of seven, and high speed monochrome 
scanning (six seconds for an ISO A4-size document). This color 
scanner is as small as a Monochrome scanner. 
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A sensor for personnel identification that uses a laser light source 
has been developed. It consists of a transparent light-conducting 
glass plate with a plain grating hologram, and a focusing lens under 
the hologram. Because the plate is plane-parallel, all optical paths 
from each point on the fingerprint to the hologram are equal, and 
a bright fingerprint image is obtained without the trapezoidal 
distortion inherent in prism sensors. 
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Grating lenses can be made small and light, and can be mass- 
produced. However, wavelength variations in the light source cause 
aberrations and change the focal length of the grating lens. There- 
fore, it has been difficult to use grating lenses in high-precision 
optical systems that use light sources with wavelength variation. A 
new grating lens system with a high numerical aperture was 
Proposed to suppress the aberration and keep the focal length 
constant over a wavelength range of a few tens of nanometers. 
Aberration calculations showed that the acceptable wavelength 
range was +15 nm for a system with a numerical aperture of 0.50. 
The gratings were made using electron beam lithography, and their 
focusing ability was then evaluated. 
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This paper describes SVEX, which can automatically find errors 
in switching programs. SVEX can also generate service specifica- 
tions from the programs for testers to confirm that the programs 
meet the original specifications. 

SVEX simulates switching on an object-oriented mode! of a 
target switching system. Logic errors are found by comparing the 
behavior of the model with the verification rules represented by 
demonds. State transition diagrams are generated by tracing the 
behavior of the model. 

SVEX has been applied to the development of Fujitsu's digital 
PBXs. SVEX has found 72 percent of all errors in logic, including 
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Microgravity Experiments 
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The measurement of the acceleration environment in micro- 
gravity experiments is very important. Conventional accelerometer 
systems, however, are too large and bulky for microgravity ex- 
periments. A microcomputer-based compact system that uses a 
static memory IC module for data storage was developed. The 
system's servo accelerometers ensure its accuracy and reliability. 
Usefulness of the system was verified in a microgravity experiment 
on-board NASA's KC-135, which is designed for parabolic flight. 
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Soft X-Ray Lithography Using Synchrotron Radiation 
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The BL-17C beamline was constructed for soft X-ray lithography 
at the Photon Factory of the National Laboratory for High Energy 
Physics. Research on the fundamental characteristics of pattern 
replication has been conducted using the beamline. 

This report describes replicated resist pattern profiles and 
pattern replication accuracy. A method of accuracy evaluation was 
Proposed and the exposure conditions necessary for accurate 
replication using positive resist (CMR) were obtained. 

These results indicated a fair possibility of high replication 
accuracy in sub quarter-micron patterns. 
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Special Issue Featuring Six Papers on Printers 
and I/O Technology 


® Takefumi Inagaki 
Electronic Systems Division, Fujitsu Laboratories Ltd. 


The networking and personal use of computer systems are now rapidly advancing. The equip- 
ment with which people come into direct contact, for example, printers and I/O devices, is be- 
coming increasingly important. The next six papers introduce the research on printers and I/O 
devices conducted by the Electronic Systems Division of Fujitsu Laboratories. 

Printers are now making the transition from impact printers (IP) to nonimpact printers (NIP). 
Because electrophotographic printers can print high-quality characters more quietly than any 
other types of printer, a wide range of models are now being developed. These new printers range 
from large printers for computer peripheral devices to the small desktop printers that have recently 
appeared in great numbers. For electrophotographic printers, an electrophotographic process that 
ensures high reliability and high printing quality must be developed. In particular, the reliability 
of the developing and transfer processes must be improved. 

This increase cannot be achieved simply by trial and error, and research and development 
based on theory is necessary. An Analysis of Two-Component Magnetic Brush Development, 
the first of this special issue describes advances made in the development process. The develop- 
ment process is the key to electrophotographic printing. To determine the development condi- 
tions required to obtain toner images that are dark enough for the photoconductive drum, various 
models and formulas for the development process have been developed. These models and formu- 
las enable optimum design of the entire development process, including the physical character- 
istics of the photoconductive drum and developer. The second, The Electrostatic Transfer of 
Toner Images describes the results of research to find the transfer process conditions under which 
a toner image on the photoconductive drum is most efficiently transferred to paper. From our 
modeling and formulation of the transfer process, it was clear that the transfer efficiency is solely 
determined by the transfer charge on the paper. In the above two papers, we describe the physical 
phenomena observed during the development and transfer processes. These observations were used 
to obtain a theoretical and practical understanding of the electrophotographic process, and to 
determine the optimum design conditions for the process. 

There is an increasing demand for printers and I/O devices that can process color images. 
For this reason, devices that take human vision into consideration and methods to evaluate such 
devices are becoming important. Color Gamut Evaluation Method for Color Hard Copies describes 
the results of our research on evaluation methods for the color gamut for color hard copies. 
After repeated subjective assessments, it was found that to evaluate color images, it is more ef- 
fective to use color wedges such as yellow, magenta, cyan, red, green, blue, and black than to use 
the natural images we usually see. A color image device design standard that use this method was 
developed. By using this method, we can predict subjective assessment values from the physical 
characteristics of the color image device. A Filter-Alternating Color Scanner describes the tech- 
nology used in the filter-alternating color scanners that digitize the color images. This paper also 
describes an optical mechanism and algorithm that were developed to produce a device that 


takes human vision into consideration. 


FUJITSU Sci. Tech. J., 25, 4, pp. 249-250 (January 1990) 249 


Conventional optical devices such as lenses, prisms, and mirrors are often used in I/O devices, 
and recent times have also seen the employment in I/O devices of advanced optical technology, 
especially lasers. 

To satisfy the requirements for small, lightweight, and high-performance devices, the develop- 
ment of an optical device based on new principles is anticipated. Recently, holography, which 
is well known for its use in three-dimensional image reconstruction, has drawn considerable 
attention because it offers a variety of optical modulations using optical diffraction in spite of its 
thin structure. Holographic Fingerprint Sensor describes an optical sensor system for realtime 
fingerprint identification that uses Fujitsu’s hologram technology. Because the number of people 
who access computer systems is increasing, it is very important to manage computer security. 
The use of fingerprints in this area is promising because they are fixed and unique. Unlike con- 
ventional prism systems, holograms do not distort input fingerprint images. They can reduce the 
load of the fingerprint verification algorithm and enable development of a high recognition per- 
formance system. Wavelength Independent Grating Lens System proceses a new lens structure 
using typical holographic optical elements (HOEs). Unlike conventional holographic lenses, these 
lenses can be used with diode lasers having unstable wavelengths. The theory and experiments 


demonstrate their effectiveness. 
As described above, these six papers introduce a wide range of technologies: from processes 


that can be applied to printers and I/O devices; to devices, systems, and algorithms. Before starting 
this research and development, we must set clear targets by anticipating market demands, and we 
must also understand the physical phenomena involved by using new theories and concepts. 

We hope that these six papers will help you understand our basic attitude towards research 
on printers and I/O devices. 

The Electronic Systems Division is conducting research and development in the important 
field of production engineering. Fujitsu’s gross sales now exceeds two trillion (1017) yen, and 
therefore, a standardized high-level of production engineering is indispensable. The next issue will 
introduce the production engineering technology that has been developed with the Corporate 


Production Enginnering Group. 
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FEATURING PAPER 


UDC 537.621:77.023.46:772.93 


An Analysis of Two-Component 
Magnetic Brush Development 


@ Masatoshi Kimura @ Makoto Kato @ Junzo Nakajima 


(Manuscript received November 1, 1989) 


Two types of magnetic brush development using conductive and non-conductive carriers 
have been studied theoretically and experimentally. In the analysis, the relationship between 
developed toner mass and primary development factors, such as toner layer potential, 


toner charge to mass ratio, recording layer capacity and developer flow rate, has been 


investigated. The calculations agree well with the measurements. 
This expression clarifies the parameters needed to obtain the required optical density of the 


developed image. 


1. Introduction 

Two-component magnetic brush develop- 
ment is widely used in electrophotography and 
electrostatic recording because it is dry and 
develops quickly. This paper explains our 
systematic study of the magnetic brush develop- 
ment process, focusing on the quantitative 
analysis of the developed toner on the recording 
layer. 

Many studies have been done on this type 
of development)! Studies dealing with the 
developed toner mass can be classified into 
two types. The first one uses the potentials 
of the developed toner layer on the recording 
layer to determine the relationship between 
various development factors and the developed 
toner mass. This is called static analysis. The 
second type is dynamic analysis, which includes 
velocity-related factors such as the speed of 
recording drum and the magnetic brush. 

Kutsuwada used static analysis to determine 
the relationship between the potential of the 
latent image and the developed toner mass 
by calculating the surface potential of the 
developed recording layer”), His group also 
studied the electrostatic force acting on the 
toner during developing. Kondo used static 
analysis to study the quantitative relationship 
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between the potential of the developed toner 
layer and the developed toner mass”. Static 
analysis is based on potential calculation and is 
best suited to examine the development process 
before the latent image is completely filled 
with the charged toner. However, static analysis 
is limited because velocity-related factors 
which greatly influence development are not 
considered. Dynamic analysis is required to 
design development units. Schein and Harpavat 
made important studies in dynamic analysis. 
Both researchers used the ratio between the 
peripheral speed of the recording drum and 
that of the magnetic brush as a principal param- 
eter. Schein studied the relationship between 
this parameter and the developed toner mass®. 
Harpavat studied the influence of various 
development factors theoretically”. 

The above studies are important, but both 
static analysis and dynamic one have not been 
adequately conducted for the requirements 
for the latent and the developed images to 
achieve the necessary developed density. Among 
the dynamic-analysis studies, Schein dealed 
with the toner adhering to the conductive 
surface®. He failed to consider the recording 
layer capacity which greatly influences develop- 
ment. He did not deal with the influence of the 
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toner charge to mass ratio. Harpavat calculated 
the relationship between the primary develop- 
ment factors and the developed toner mass”. 
However, he lacked measurements to back up 
his conclusions. In addition, his analysis was 
complex. Both studies were unclear in relation 
to the results from static analysis. 

The authors theoretically and experimental- 
ly studied the relationship between develop- 
ment factors and the developed toner mass. 
In particular, the authors examined recording 
material, developer, latent image strength, 
and the developing conditions needed to obtain 
the necessary developed density. The study 
combined static analysis and dynamic one in 
a consistent manner. The authors have also 
developed a quantitative model based on a 
consistent theory of dynamic development 
that includes static analysis. The authors used 
this model to clarify the requirements for 
latent images to obtain sufficient developed 
density. 


2. Theoretical analysis 

In reversal development, a toner with the 
same polarity as the latent image (here, we will 
talk about a case of positively charged toner) is 
attracted to the discharged part of the latent 
image (see Fig. 1). This chapter deals with the 
relationship between the primary development 
factors and the developed toner mass through 
static analysis and dynamic one. 

The reason this toner sticks is the same in 
forward development. 
2.1 Static analysis!” '» 
Figure 2 shows a model of the toner after 
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Fig. 2—Toner charge on the recording layer. 


saturated development. The developed toner 
mass M is obtained using this model, where 
M represents the mass of the toner adhering to 
a unit recording area. MKS units are used for 
this calculation. Let the thickness of toner layer 
be x, then the surface potential of the toner 
layer Vy is given by: 


x p(x—s x + 
Vn =f oe —5) inh tS 5. 


Eo Ey] Eo Em 


_1 px? ‘ pxdm P Qodm 


2 €o€1  €o€m Eo Em 


: volume charge density of developed 
toner layer 
€9 : dielectric constant of vacuum 
Em : Telative dielectric constant of 
recording layer 
€, : relative dielectric constant of 
toner layer 
dm : thickness of recording layer 
Qo : initial charge of recording layer 
per unit area 
s : toner layer thickness (variable for 
integration). 

The first term is the voltage which the toner 
layer produces by itself, the second term is the 
voltage produced on the recording layer by the 
toner charge, and the third term is the initial 
surface potential of the recording layer before 
developing. 

Let Vo be the initial surface potential of the 
recording layer and V; be the surface potential 
generated by the developed toner on recording 
layer. This is called the toner layer potential. 

The toner layer potential V; is given by: 


V, = Vy —Vo. 1 6a Sw Ose 2) 


where, p 
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Recording drum 


Fig. 3—Developer. 


Substituting Equation (2) into Equation (1) 
and solving for x, we obtain 


ea Edm 
= = 
€,1d Eo € 
(Sy gg hn 
Em p 


The volume charge density p of the toner 
layer is given by: 


where, 6 : toner density 
p : packing density of toner layer 


4 toner charge to mass ratio. 
m 


Using Equations (3) and (4), the developed 
toner mass per unit area M is given by: 


M = 5px 


{ Edm 
— + 


i 
ma 
v 


Em 


(——)? $2—a fs <a @) 


Thus, developed toner mass per unit area is 
determined by toner density, packing density 
of toner layer, ratio of the relative dielectric 
constant of recording layer to the thickness of 
recording layer bei (this can be determined 

Em 
from the capacity of the recording layer), toner 
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charge to mass ratio el and toner layer potential 
m 


V,. The most important of these are the capaci- 
ty of recording layer, the toner charge to mass 
ratio, and the toner layer potential. 

2.2 Dynamic analysis'*)'*? 

We considered a development process where 
the recording layer moves at a velocity vg and 
the magnetic brush moves at a velocity v», as 
shown in Fig. 3. 

The developer flow rate @ is defined by: 

gan bel oe 0|0U™U™~*~*~*”C Pe ena (6) 

Vd 
where, n : development repetitions. 

Developing is divided into two steps: supply- 
ing toner and transferring toner to the recording 
layer by electrostatic force. The first step is 
evaluated by the developer flow rate @ and the 
second step is evaluated by the electric flux 
density in the developing area. The electric flux 
density is expressed as the product €)#(x) of 
the electric field E(x ) which is a function of the 
toner layer x and the dielectric constant €,) of 
vacuum, 

Here, we will examine developed toner 
charge per unit area are Q which is proportional 
to developed toner mass per unit area M. We 
assume that the differential of Q is proportional 
to the differential of developer flow rate d@ and 
dielectric flux density €) E(x). 

The following equation is obtained: 


dQ = YéoE(x)dé, 


where, y proportionality constant. 


The developed toner charge per unit area Q 
is expressed by the thickness of the developed 
toner layer and the volume charge density. 


2 = px. 
Using Equation (8), Equation(7) can be 


written 


dx €9 E(x) 
—— = 9 ——— 6 hee eee eeeee 9 
7 Sie (9) 


When this differential equation is solved, 
the relationship between the mass of stuck toner 
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Fig. 4—Magnetic brush development. 


and various factors, including the developer 
flow rate, is obtained. 

First, let us determine the electric field E(x ) 
across the air gap using the model in Fig. 4. 
The charged toner layer with a thickness of x 
is stuck to the recording layer d,, thick, and 
the toner layer d; is above the magnetic brush 
with gap g between the two. The magnetic 
brush consists of the developer thickness d,. 

E(x) across the air gap is given by: 


px px 
Vis — 2EpE *; € dm ) 
E = 0€r/ 0o&m ; 10 
(x) aa aa? (10) 
—+g+—+— +— 
Er] Em El Ec 


where, €, is the relative dielectric constant of 
developer. 

Vi,, is -the toner layer potential in the 
saturated state. It is obtained by subtracting 
the voltage corresponding to the adhesion 
between a toner and a carrier particle from 
the potential difference (effective latent image 
strength) between the magnetic roller bias 
voltage and the initial surface potential of 
recording layer. The term in parentheses is 
the voltage resulting from the adhesion of 
toner to the recording layer, or the toner layer 
potential V,. When the toner voltage reaches 
V,;, the electric field across the air gap becomes 
0, stopping developing. The terms in the 
denominator in Equation (10) are the effective 
thickness of the stuck toner layer, the gap, the 
effective thickness of the recording layer, 
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the effective thickness of the toner layer on 
the developer, and the effective thickness 
of the developer. Since the air gap is considered 
to be 1 um or less, it is negligible compared 
with the other terms. Since the toner layer 
stuck to the developer is transferred to the 
recording layer after development and is in- 
cluded in x, d; is also negligible. 

Substituting Equation(10) into Equa- 
tion (9), we calculate the developed toner 
layer x under two conditions. When the conduc- 
tive carrier is used, coating layer thickness 
is zero, and when the non-conductive carrier 
is used, d, is not negligible. 

The developed toner mass M is given by: 


M = 6px . 


Using Equation (4) which gives the volume 
charge density, the developed toner mass M is 
given by the following equations: 

1) When a conductive carrier is used 


M = 6px 


= bp {— Sam 
Em 
d 2 
(<a 2 = Ves 112) 
m Binasea. 
m 
when, FY = Fhe cee eka (13) 


Equations (12) and (13) are the basic 
equations for dynamic analysis. Equation (12) 
indicates the developed toner mass when a 
toner voltage is given. Equation (13) indicates 
how the toner layer potential V; is determined 
in the development process. 

2) When a non-conductive carrier is used 


r 
= Be 
(B? —A?)(1—e “ex ) 


M = 6p (¢——__- } , 
= 
(B—A)e -&rl +(A+B) 
ey er (14) 
Ey] 
where, A = Gigs sw ae (15) 
Em 
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€,d 2EpE 
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3) If developer flow rate is very large, Equa- 
tions (12) and (14) can be reduced to: 


€1dm 
M = 6p {- 
Em 
( €1dm 2 ~€0 €}] Vie | 
me Spi 
m 


Equation (18) agrees with Equation (5) 
which comes from static analysis. Thus, this 
dynamic analysis is consistent with static analy- 
sis. 

The relationship between the developed 
toner mass and the primary development param- 
eters will be clarified later through calculations 
based on these equations as well as measure- 
ments. 


3. Method of experiment 

We measured the relationship between 
the developed toner mass and the optical density 
to determine the developed toner mass required 
for practical use. We then measured the surface 
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potential of the recording layer after develop- 
ment and established a potential model for 
the saturated state. We also clarified the relation- 
ship between the developed toner mass and 
the primary parameters, such as the capacity 
of the recording layer, the toner charge to 
mass ratio, and the toner layer potential. 

Figure 5 shows the test setup. The recording 
drum was a metal drum coated with Mylar 
film with metal vapor-deposited on the back. 
Around the recording drum were a corotron 
with a mesh for uniform charging, a conductive 
rubber blade or pin electrodes for latent image 
formation, a magnetic brush developer, and 
a surface potentiometer. The Mylar films were 
25 wm thick (with a capacitance of 1.13 wF/m?) 
and 50 um (0.57 uF/m?). The developer was 
a mixture of carrier and toner at a weight 
concentration of five percent. The carriers 
were 100 yum to 200 um iron particles with 
irregular shapes. Three types of positively 
charged toner with different charges were used. 
The diameter of the toner particles was 10 wm 
to 20 um. 

Latent image formation and developing 
are briefly explained below: 

1) Uniform charging 

The recording layer is uniformly charged 
by a corotron with a mesh to a positive potential 
and we measured the charging potential V,o 
with the surface potentiometer. 

2) Latent image formation 

We used a conductive rubber blade with 
a negative bias voltage is applied and put it 
into contact with the recording layer to remove 
charges from the recording layer. Since a 
developing potential model is used, we measured 
the potential Vg after removing the charge 
using a non-contact pin electrode. 

3) Developing 

We applied the development bias potential 
Vg to the developing roller. Toner was trans- 
ferred to the area without charges by reversal 
development to obtain a solid black area. 
After developing, we measured the potentials 
on the latent image (Vy) and the uniformly 
charged area (V,). 

4) Toner layer potential V, 
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Developed density (OD) 
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Fig. 6—Developed toner mass vs. developed density. 
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V, 480V 
Vz, 450 V—- = Bias voltage of magnetic roller 
Undeveloped potential 
Vu 410 V 
Toner layer potential 
Vy 200 VR 
| Leak voltage 
VY, 100 Ve———— 


Fig. 7—Potential model of developed image. 


Nitrogen gas blows the toner off a part of 
the developed recording layer. We measured 
the surface potential V) of the latent image 
area. The toner layer potential voltage is given 
by V; = Vy — Vo. 

5) Measurement of mass of stuck toner M 

We measured the weight of the Mylar film 
with a chemical balance before and after 
development. The developed density can be 
measured with an optical reflection densitom- 
eter. The toner charge to mass ratio can be 
measured from the toner blown off after 
development’, 


4. Results and discussion 
4.1 Static analysis!” !» 

This section clarifies the required developed 
toner mass and a potential model, discusses 
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the relationship between the developed toner 
mass and the primary development parameters, 
comparing the values from Equation (5) and 
measurements. 

This section discusses the measurement 
of the required developed toner mass, the 
potential model, and explains the use of 
theoretical Equation (5) and the experiments 
to clarify the relationship between the 
developed toner mass and the primary develop- 
ment parameters. 

4.1.1 Relationship between mass of adhead 

toner and developed density 

Figure 6 shows the relationship between 
the developed toner mass and the developed 
density. We found no significant difference 
between the two types of toner we used. When 
the required developed density is 1.2, the 
necessary developed toner mass is 6 g/m? (see 
Fig. 4). We use 6g/m? as the standard for 
evaluation. 

4.1.2 Potential model of developed image 

The potential model is of a developed 
image (see Fig. 7) by developing a latent image 
until saturation. The Mylar film is uniformly 
charged to +500 V, then a negative potential 
is applied to the non-contacting pin electrodes 
to form a latent image. The latent image 
potential Vj, is +100 V and the latent image 
intensity (Vs9 — Vio) is +400 V. The latent 
image is developed by a magnetic roller bias 
voltage of +450 V to saturation, then the 
toner fills the latent image to +410 V. The 
toner does not fill the latent image to the 
bias voltage because of the electrostatic force 
between the toner and carrier. 

This undeveloped potential is about 40 V. 
After development, uniformly charged potential 
Vso decreases by 20V and the bottom of 
the latent image potential Vj) increases by 
100 V. This is caused by leakage current 
between the magnetic brush and the latent 
image. As a result, the latent image intensity 
decreases. The leak current greatly depends 
on the contact between the magnetic brush 
and recording layer, and can be decreased 
by reducing the contact. Finally, the toner 
layer potential V, is 210 V, which is 60 percent 
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Recording material: Mylar film 
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Fig. 8—Relationship between toner layer potential and 
developed toner mass. 


of the effective latent image intensity (Vg — 
V)). The toner does not reach the developing 
bias potential, because of the electrostatic 
attraction between the toner and carrier. As 
developing proceeds, the latent image is filled 
with the toner. As a result, the electrostatic 
force of the latent image weakens until it 
equals the electrostatic attraction between 
the toner and carrier. Development then stops. 
4.1.3 Relationship between toner layer 
potential and developed toner mass 
To determine the relationship between 
the developed toner mass and the toner layer 
potential using Equation (5), the parameters 
were measured or estimated as follows: 
6 : toner density 1.1 x 103 kg/m? 
p : packing density of toner layer 0.6 
€,; : relative dielectric constant of 
toner layer 
€m : relative dielectric constant of 
recording layer 3c 
dm: thickness of recording layer 
25 wm or 50 um 
€) : dielectric constant of vacuum 
8.85 x 107!? F/m 


28 wC/g. 


to 
i) 


to 


4 + toner charge to mass ratio 
m 


By substituting these values into Equa- 
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Fig. 9—Relationship between capacity of recording 
material and developed toner mass. 


tion (5), the theoretical value of the developed 
toner mass can be calculated. Figure 8 shows 
relationship between the developed toner mass 
M and the toner layer potential V,. Calculated 
and measured capacities of recording layer 
(0.57 wF/m? and 1.13 uF/m*) are shown. 
The good agreement between the calculations 
and the measurements shows the validity of 
our analysis. To obtain the required developed 
toner mass of 6g/m?, the toner voltage must 
be +170 V when the Mylar film is 25 wm thick 
(a capacitance of 1.13 wF/m?), and it must 
be +280 V when the Mylar film is 50 um 
thick (a capacitance of 0.57 wF/m?). 

4.1.4 Relationship between capacity of 
recording layer and developed toner 
mass 

Development, when viewed as a potential 

model, is a process in which a potential hole 
with a charge of Q = CV is filled up with toner 
particles with charge g. The developed toner 
mass increases with C and V. Figure 9 shows 
the relationship between the capacity of the 
recording layer and the developed toner mass, 
which is calculated from Equation (5) using 
the toner layer potential as a parameter. As 
the capacity of the recording layer increases, 
the developed toner mass increases, but its 
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Maximum transferred toner mass 


V, = 300 V 


Developed toner mass M (g/m?) 
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Fig. 10— Relationship between toner charge to mass 
ratio and developed toner mass. 


rate gradually saturates. Infinite capacity is 
illustrated in Fig. 8 above. This diagram can 
be used for evaluating the capacity of recording 
materials. 

4.1.5 Relationship between toner charge to 

mass ratio and developed toner mass 

Figure 10 shows the relationship between 
toner charge to mass ratio and developed toner 
mass calculated from  Equation(5). The 
developed toner mass increases with decreasing 
toner charge to mass ratio. When the toner 
charge to mass ratio is too small, the electro- 
static force between toner and carrier is weak 
so toner particles are liable to scatter during 
the rotation of magnetic brush. However, 
the minimum charge to mass ratio depends 
on several factors, such as the speed of magnetic 
roller and the distribution of toner charge to 
mass ratios. Thus, the lower limit cannot be 
determined absolutely. Usually, the lower 
limit is from 5 wC/g to 10 uC/g. 

We will consider the upper limit of 
developed toner mass for a recording process 
that includes toner transfer. The amount of 
toner which can be transferred is limited. 
We call this limit the maximum transferred 
toner mass (see Fig. 10). If developed toner 
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Fig. 11—Requirements of developer and recording 
material characteristics. 


mass exceeds the limit, excessive toner remains 
on recording layer. There is an optimal transfer 
charge Qop¢ which gives the maximum transfer 
efficiency. It is 320 wC/m? '”. When the charge 
on the recording paper exceeds this limit, 
discharge occurs across the air gap between 
the paper and the recording layer. This not 
only decreases electric field, but neutralizes 
the toner charge, thus decreasing the transfer 
efficiency. Since the maximum toner charge 
allowing toner transfer is equal to the charge 
on the paper, the maximum transferred toner 
mass M; max iS given by: 


Qopt 


a 
m 


Mimax = 


When the developed toner mass exceeds 
Mimax, the amount of toner remaining on the 
recording layer increases. 

4.1.6 Requirements for developer and re- 

cording layer 

Figure 11 shows the toner charge to mass 
ratio, the capacity of the recording layer and 
the toner layer potential required for a 
developed toner mass of 6 g/m?. Using this, 
we can design the developer, recording layer 
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and latent image formation method. For 
example, when the capacity of the recording 
layer is | wF/m? and the toner layer potential 
is +200 V, a developer with a toner charge 
to mass ratio of 28 wC/g or less and more than 
5 wC/g to 10 wC/g is required. 


Vis: 


Toner layer potential V, (V) 


Development repetition » 


Fig. 12—Relationship between development repetition 
and toner layer potential. 
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Um = 12.5 cm/s 
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vq variable 


Developed toner mass M (g/m?) 
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Developer flow rate 6 


Fig. 13—Relationship between developer flow rate and 
developed toner mass. 
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4.2 Results from dynamic analysis'*»'» 


This section discusses the measured relation- 
ship between the developer flow rate and 
developed toner mass, and compares values 
calculated with Equations (12) and (13) and 
measured values. We then explain the condi- 
tions for obtaining the necessary developed 
density using equations. 

4.2.1 Influence of developer flow rate 

Figure 12 shows the relationship between 
the number of development cycles and the toner 
layer potential, where the magnetic roller speed 
Vm is 12.5 cm/s and the recording drum speed 
vq is 70 cm/s. The proportionality constant y 
in Equation (13) is determined from this figure. 
The measured saturated toner layer potential 
Vis is 350 V. When this value is substituted in 
Equation (13), we obtain y=0.5. Figure 13 
shows the relationship between the developer 
flow rate and the developed toner mass. The 
open circles indicate measurements, where 
magnetic roller speed vy, is held at 12.5 cm/s 
and the recording speed vg is varied between 
10 cm/s and 70 cm/s. The black dots indicate 
results given in Fig. 14. The solid line is the 
theoretical curve obtained when the saturated 
toner voltage V,, is 350 V and the proportional- 
ity constant y is 0.5. Even when the number 


Developed toner mass M (g/m?) 


0 0.5 1.0 
Developer flow rate 6 


Fig. 14— Developed toner mass vs. developer flow rate. 
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Developed toner mass M (g/m?) 


0 0.5 1.0 
Developer flow rate @ 


Fig. 15— Developed toner mass vs. developer flow rate 
(non-conductive carrier). 


of development cycles or the recording drum 
speed is changed, the developed toner mass 
is constant if the developer flow rate @ is 
constant. The good agreement between the 
calculations and the experiments shows the 
validity of the analysis. 

4.2.2 Toner charge to mass ratio and carrier 

coating 

We examined several developers with dif- 
ferent toner charge to mass ratios. Figures 14 
and 15 show the relationships between the 
developed toner mass and the developer flow 
rate of these developers. The solid lines are 
theoretical curves. Developed toner mass 
increases with decreasing toner charge to mass 
ratio. The practical lower limit of the toner 
charge to mass ratio is determined by the begin- 
‘ning of toner particle scattering and an increase 
in background density. Developing speed with 
a conductive carrier is higher than that with 
a dielectric coated carrier, as the analysis 
predicted. 

4.2.3 Design of development parameters 

Analysis has clarified the relationship be- 
tween developed toner mass and primary devel- 
opment parameters. Through this analysis, we 
have determined the necessary development 
conditions for high developed density. Figure 16 
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Fig. 16—Development parameter design chart. 


shows the development parameter requirements 
for a developed density of 6 g/m?. A developed 
density of 1.2 is very dense printing. With this 
graph, we can design developer, recording 
material, latent image intensity or development 
device. 

For example, the capacity of a selenium- 
alloy photoconductive drum is about 1 wF/m? 
and toner layer potential in the saturated 
state is expected to be about +250 V. From 
Fig. 16, we can see that magnetic roller speed 
must be more than 1.7 times the recording 
drum speed, if we use a developer with a 
conductive carrier with a charge to mass ratio 
of 20 uwC/g. The same applies to a non-conduc- 
tive carrier, and roller speed must be more 
than two times the drum speed. 


5. Conclusion 

We introduced a potential model for the 
development process and equations of developed 
toner mass for two-component magnetic brush 
reversal development. We used both dynamic 
and static analysis, resulting in consistent 
equations. These studies agreed well with 
measurements. Using these results, we clarified 
the relationship between developed toner mass 
and development parameters, such as the 
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capacity of the recording layer, the toner charge 
to mass ratio, the toner layer potential, and the 
developer flow rate. Our theory is a practical 
guideline for designing development and equip- 
ment. 

In the future, we plan to determine the 
relationship between development conditions 
and other image quality parameters, such as 
sharpness. 
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Electrostatic toner image transfer has been studied theoretically and experimentally. Three 
transfer methods have been investigated: corona transfer, conductive roller transfer, and 


dielectric roller transfer. 


It has been shown theoretically and experimentally that the dependence of the transfer 
ratio on the electric field between transfer material and toner layer is the same for all three 
methods. The optimum toner charge to mass ratio gives a maximum transfer ratio. Theory 
suggests that the maximum transfer speed is 6.7 m/s for corona transfer and 125 m/s for 


roller transer. 


Toner images are transferred to plain paper with a transfer ratio above 80 percent at a paper 


speeds up to 2 m/s. 


1. Introduction 

Toner is transferred in one of two ways: 
mechanically, using the mechanical adhesion of 
the toner to the paper, and electrostatically, 
using the charge of the toner. Electrostatic 
transfer is widely used because it is simple 
and reliable. Electrostatic transfer involves 
pressing paper against the toner image and 
generating an electric field which helps move the 
charged toner onto the paper. Electrostatic 
transfer is further divided into two methods. 

They are corona transfer, which uses corona 
ions to generate the electric field, and bias 
roller transfer, which uses an elastic rubber 
roller which is pressed against the paper and to 
which a voltage is applied to generate the 
electric field. 

Although there are several techniques 
systematic studies of the physics of electrostatic 
transfer are lacking, particularly concerning the 
toner charge/mass ratio and transfer speed. 

This report examines the primary factors 
affecting the transfer ratio and the optimum 
conditions for toner transfer. 

The transfer speed is investigated here, 


1)-4) 
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together with the transfer mechanism, optimum 
transfer conditions, optimum toner charge/mass 
ratio and theoretical limits of transfer speed. 
The mechanism, optimum conditions and toner 
charge/mass ratio are the same for both transfer 
techniques. The transfer ratio is determined 
solely by the electric field in the air gap in the 
transfer region, and reaches a peak at 36 MV/m. 
There is an optimum toner charge/mass ratio 
which gives a maximum transfer ratio. The 
theoretical limit of the transfer speed is 125 m/s 
for roller transfer, and 6.7 m/s for corona 
transfer. 
2. Conditions for transfer and transfer ratio” © 
2.1 Principle of electrostatic transfer 

Figure | is a simplified model of electrostatic 
transfer. Transfer material is placed against the 
developed toner image on the photoconductive 
layer and a charge opposite to the toner charge 
is applied to the transfer material. When the 
electrostatic force attracting the toner toward 
the transfer material is stronger than that to the 
photoconductive layer, the toner is transferred 
to the transfer material. 
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| ee Corotron 


Air gap 


—+ Toner 


~- Dielectric layer 


Conductive layer 


Fig. 1—Electrostatic toner image transfer. 


A charged toner layer with thickness d; and 
volume charge density p is on a photoconductive 
surface with thickness d, in Fig. 1. Transfer 
material with thickness d, comes into contact 
with the charged toner. Let g be the gap 
between the toner and the transfer material. 
When the transfer material has a charge opposite 
to the toner, a,, the electric force F.(x ), which 
acts on the charged toner q; in the direction of 
the transfer material at distance x from the 
photoconductive surface is given by 

—Oe— pldy—x) 


x)=4 ; awn 
ai (1) 


where €,; is the relative dielectric constant of the 
toner layer. 

Assuming that F(x) acting on the charged 
toner at distance x from the photoconductive 
surface is balanced with mechanical adhesion 
F, and that only the toner with thickness 
(d; — x) is transferred to the paper, the transfer 
ratio 7 is given by 


_@;—x 
ul d, 
0 O1sS Oc 
Eg€é 
=f mal Wer : 2 Fe) tf < OS Os 
pat qt 
l Oe So 


Figure 2 graphs Equations (1) and (2) with 
oO. as the variable. F.(d;) on the toner surface 
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Fig. 2—Influence of transfer charges. 


Transfer ratio (%) 


Mylar thickness (d,) 
x: 25 um 
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Fig. 3—Relationship between transfer ratio and surface 
potential for transfer materials with different 
thicknesses (corona transfer). 


(x =d;) increases linearly with the transfer 
charge. The toner layer on the photoconductive 
surface receives F.(0)=—g;pd;/eéo€ ; in the 
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Fig. 4—Relationship between transfer ratio and electric 
field in the air gap between the transfer material 
and toner layer (corona transfer). 


opposite direction because of the charge on the 


toner. When g. and the F, cancel each other 
out, an upward force is generated. Thus, transfer 
begins where F,(d;) exceeds F,. The transfer 
ratio thus increases linearly. It becomes 100 
percent when F,(0) acting on the toner on the 
surface of the photoconductive layer exceeds F,. 

Figure 3 shows the relationship between 
transfer ratio and surface potential of the 
transfer material for corona transfer. Three 
kinds of thickness of Mylar film were used 
as transfer material. Its high resistivity prevents 
the surface charge from leaking. The surface 
potential at which the transfer ratio is at its 
maximum decreases as the thickness of the film 
decreases in Fig. 3. Figure 3 is replotted in Fig. 4 
to clearly show the relationship between the 
transfer ratio and the electric field in the air gap. 

The electric field is calculated by the follow- 
ing equation: 


where 
Vy: surface potential of developed toner 
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image 

Vps: surface potential of transfer material 

d, : thickness of transfer material 

d, : thickness of toner layer 

dm : thickness of photoconductive layer 

g :air gap between transfer material and 
toner layer 

€p ‘relative dielectric constant of transfer 
material 

€,, : relative dielectric constant of toner 
layer. 

€m :felative dielectric constant of photo- 
conductive layer. 


The parameters were measured and calcu- 
lated as follows: 


Vy: +600 V 

dp : 25 um, 38 um, 50 um 
d; : 12 um 

dm: 25 um 

g : 1 um (assumed) 

Gy i a2 

Ey : 22 

a 


Figure 4 shows the relationship between the 
electric field across the gap Eg(=o,/é9) and 
transfer ratio. Only one curve is given for the 
three thicknesses of Mylar. As suggested by 
Equation (2), the most important factor 
influencing transfer is the electric field across 
the gap, which is the transferred charge. Transfer 
ratio assumes that when a peak for a given 
transfer electric field across the gap exceeds a 
certain level, breakdown occurs?)’3), reducing 
the electric field. Transfer ratio reaches its 
maximum just before this reduction occurs. 
This discharge is confirmed by observing the 
light emitted on the toner layer formed on a 
transparent base using a photomultiplier” . The 
electric field across the gap immediately before 
the discharge gives the maximum transfer 
ratio, and is 36 MV/m, which corresponds to 
a surface charge density of 320 wC/m?. This 
value gives the optimum amount of transfer 
charge Qo. 
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Fig. 5S—Relationship between transfer ratio and potential 
applied to transfer materials with different 
thicknesses (conductive roller transfer). 


Figure 5 shows the relationship between the 
transfer ratio and the voltage applied to the 
roller for conductive roller transfer. This 
relationship was found to be almost the same 
as that for corona transfer. Figure 6 shows the 
relationship between the transfer ratio and 
electric field in the air gap for conductive and 
dielectric roller transfer and corona transfer. The 
dielectric roller was constructed by attaching 
seamless, 25 um-thick Mylar film to a conduc- 
tive rubber roller. Plain paper was used as the 
transfer material. 

The curves for conductive roller transfer 
and dielectric roller transfer are almost identical 
(see Fig. 6). The transfer ratios for corona 
transfer are consistently lower than those for 
roller transfer due to charge leakage through the 
transfer material. However, if the transfer 
material had sufficient resistivity, all three 
curves would be the same. 

The theoretical curve in Fig. 6 is calculated 
from Equation (2) using the volume charge 
density of toner layer, p= 21 C/m?, and the 
thickness of toner layer, d; = 12 um. According 
to the equation, the transfer ratio should be 
100 percent if the electric field is greater than 
28.5 MV/m. 

However, the obtained maximum transfer 


FUJITSU Sci. Tech. J., 25, 4, (January 1990) 


M. Kimura et al.: The Electrostatic Transfer of Toner Images 


Transfer ratio (%) 


©: Dielectric roller transfer 
@: Conductive roller transfer 
4: Corona transfer 


Plain paper: 80 ~m 


0 20 40 60 80 100 
Electric field E (MV/m) 


Fig. 6—Relationship between transfer ratio and electric 
field in the air gap between the transfer material 
and toner. 


ratio was 90 percent, mainly because of the 

following factors: 

1) The bottom of the toner layer adheres to 
the photoconductive drum due to Van der 
Waals forces. 

2) Partial discharge between transfer material 
and photoconductive drum occurs when 
the transfer material separates from the 
drum. 


2.2 Charge/mass ratio and transfer character- 

istics of toner 

The factors influencing toner transfer 
include paper thickness, surface resistance, 
charged-toner resistance, the charge/mass ratio 
of the toner, and the diameter of the toner 
particles. The following discussion focuses 
on the charge/mass ratio of the toner particles 
which greatly influences Fy. 

Volume charge density p of the toner layer 
is given by the following equation using charge/ 
mass ratio 7, of the toner, 


p = 5pTp, 


where 6 is the toner density and p is the pack- 
ing density. 


265 


M. Kimura et al.: The Electrostatic Transfer of Toner Images 


S 
omy 
vo 
oO 
e 
lo} 
= ~ 
Q Fa 
S 
a7) 
° 
— 
oO 
a 
a 
0 Tos Too Tose 
Charge/mass ratio 
a) Electrostatic force 
& i 
g 
ue 
Q 
os 
=) 
& 


0 Ths Ton Ths 
Charge/mass ratio 


b) Transfer ratio 
Fig. 7—Influence of toner charge to mass ratio. 


When Equation (4) is substituted into 
Equations (1) and (2), F.(x) of the charged 
toner is given as a function of 7, and transfer 
ratio 7, 


— QomT, — 5pm(d; — x)Tp? 


—40 —30 —20 —10 ‘ 0 10 20 30 40 
Charge/mass ratio T, (uC/g) 


Fig. 8—Relationship between transfer ratio and toner 
charge to mass ratio. 


of the toner when transfer ratio reaches 100 
percent and Tp, be the charge/mass ratio when 
transfer ratio begins to drop below 100 percent 
\when F, (0) equals F,|. Let Tyo be the charge/ 
mass ratio where the electrostatic force is at 
its maximum on the photoconductive surface 
(x = 0) (see Fig. 7). 

As is clear from Equation (5), F, at the 
toner surface (x = d;) increases linearly with the 
charge/mass ratio. F, at the photoconductive 
surface in relation to 7, is a convex parabola. 
When 7, increases, transfer begins when F, (d;) 
acting on the toner surface exceeds F,. The 
transfer ratio then gradually increases. When 


F.(0) exceeds F,, the transfer ratio reaches 100 


Fe(x) = aes (5) 
Eo Er] 
0 ee ee 
= l Qo Eo Er] Fy Tps < Tp < Toft 
" d SpT, ‘SpT;* ip . 
F pop Syep IE sypes, ap 
I Tppfi <Tp S T pfr >» 


where m is the mass of one toner particle. 

Let Tp, be the charge/mass ratio of the toner 
when transfer begins, that is, when F, (d;) 
exceeds F,. Let Tps, be the charge/mass ratio 
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percent. When the charge/mass ratio increases 


further, F,(0) increases until Tyo is reached, 
then decreases below F,. When T, exceeds Tppr, 
the transfer ratio decreases. 
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Plain paper : 


Transfer ratio (%) 


0 0.5 1.0 15 
Pressure (kg/cm?) 


Fig. 9—Relationship between transfer ratio and pressure 
on the roller (conductive roller transfer). 


Figure 8 shows the measured relationship 
between 7, and transfer ratio n'™. Corona 
charger recharges the toner to vary TJ). A black 
dot indicates that the toner is positively charged 
before recharging, and white dot indicates 
that the toner is negatively charged. Note the 
optimal charge/mass ratio. The toner had 
a toner density 5=1110kg/m?, p=0.6, 
d,=20um, and Q,) =320uC/m?. Values 
obtained by substituting these parameters into 
Equation (5) are plotted as a solid line. The 
theoretical and measured curves agree, suggest- 
ing that the theory is reasonable. For toner 
powder, a developed toner layer thickness 
d,;=20 um to 30 ym is obtained from Equa- 
tion(5) and the relationship between the 
optimal charge/mass ratio of the toner and 
the toner layer thickness. The optimal charge/ 
mass ratio of the toner is about 10 wC/g. For 
a liquid toner, the optimal charge/mass ratio is 
ten times greater than that for toner powder 
because the toner particles are smaller and the 
developed toner layer is thinner, 


2.3 Influence of mechanical contact and paper 
thickness 
2.3.1 Mechanical contact 
Figure 9 shows the relationship between 
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Fig. 10—Relationship between transfer ratio and paper 
thickness (corona transfer). 
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Fig. 11—Relationship between transfer ratio and paper 
thickness (conductive roller transfer). 


transfer ratio and the pressure applied to the 
conductive roller. The voltage which produces 
the optimum electric field was applied to the 
roller, and the standard deviation of the transfer 
ratio was calculated from the measurements. 
The error bars in Fig.9 represent a standard 
deviation of 1.5 (90 percent). High transfer 
ratio and low variation are achieved by pressures 
above 0.7 kg/cm”. Pressure is necessary for good 
image transfer, Pressure ensures that the transfer 
material is in good contact with the recording 
drum, 

2.3.2 Paper thickness 

Figure 10 shows the relationship between 
the transfer ratio and the thickness of the paper 
used as transfer material under optimum condi- 
tions using corona transfer. A pressure roller in 
front of the transfer corotron dampens vibra- 
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Fig. 12—Cylindrical corona charging unit (corotron). 


tions. The transfer ratio is independent of paper 
thickness below 120 um. Above this the transfer 
ratio decreases because of imperfect contact 
between paper and drum. The transfer ratio with 
80 wm paper is lower because the resistivity 
of the 80 um paper is one tenth that of the 
other paper. 

Figure 11 shows the results for the roller 
transfer technique. The transfer ratio is 
indpendent of paper thickness up to 220 um, 
and toner images are transferred onto plain 
paper with a transfer ratio of 90 percent and 
variation of +2 percent. 


3. Transfer speed”’!” 

Transfer time includes both the charging 
time to obtain the optimum electric field and 
toner migration time from the image formation 
surface to the paper. Each of these factors 
was investigated theoretically to estimate the 
limit of the speed of corona transfer and roller 
transfer for comparison with measurements. 


3.1 Theoretical analysis 

3.1.1 Charging time 
1) Corona transfer 

Consider the corona’ discharge unit 
(corotron) shown in Fig. 12, with concentric 
cylindrical electrodes of radii 7, and /,. The 
corona discharge start voltage Vp is given by 
the following equation”), (All calculations use 
SI units.) 
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0.0308 


oh 


When corotron voltage V;. is applied to the 
corona wire, the total corona current per unit 
length!» is given by 


Vy = 3.1, In@2) (1 f )x 106. (6) 
1 


8meE 
ea ee ee 


(1, )2In(2) 
hi 


where yu is the ion mobility (2 x 107* m?/Vs). 

In a cylindrical corona discharge unit with 
one section of the outer electrode removed (see 
Fig. 12), the charge Q in the charge storage layer 
is given by!» 


AW 
1 — exp(—— t) 
9 SS 6 mac aaa" a 


where C is the capacitance of the charge storage 
layer, t is the charging time and 
4€ou 
As = le Gr 
(1,)? In(—* ) 
I 


Using Equation (8), the charging time 7, 
required to store the charge necessary for image 
transfer (Q, = 320 uC/m?) is given by 

Cc ie (Vite —Vo MCV te —Qo ) 
AsVo_ Vie {CVite — Vo.) —Qo} 


(9) 


Us oa 


2) Roller transfer 

There are two methods of roller transfer, 
conductive and dielectric. If the capacitance 
of the dielectric roller is included in the total 
capacitance of the photoconductive layer, 
the two methods of roller transfer can be 
analyzed with the same model. Therefore, 
only conductive roller transfer is considered 
here. 

The charge storage layer is charged through 
the resistance R of the conductive roller. Since 
t=0 and Vr is a step function, the amount 
of charge stored in capacitance C is obtained 
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by 


t 
Q(t) = CVin {1 —exp(— =] )}. --. 10) 


Defining charge time Tp as the time required 
to reach 90 percent of the required charge start- 
ing from 10 percent, the charge time tr can be 
expressed as 


tr = 2.2CR. 


3.1.2 Toner migration time 

Assuming that the optimum amount of 
charge Qy is stored in the transfer paper, the 
electric field E(z) in the toner layer (see Fig. 1) 
which is at distance z from the recording layer 
is given by 


E(z) = & ~ Sa —z). 


aussi) 

The toner traverses the air gap with the 
acceleration produced by the electric field and 
arrives at the transfer paper. The time necessary 
for this is 


2gm l 
t = a (13) 
= eae) 
Eo Eo 


Equation (13) describes the motion of the 
toner at point z. Therefore, the thickness W; of 
the toner layer that is transferred in time ¢ is 


W; = dt ms Diet Rae a ms) Sele (14) 
Combining Equations (13) and (14) gives 
€ Q 2gm 
Vi, =— {=> = ee (15) 


Pp € ~~ qt? 


The final toner layer thickness W.. |W; at t= 
in Equation (15)} is given by 
Q 
Ww = HHH CRS (16) 
p 
If the toner migration time 7; is defined as 
90 percent of W., the toner transfer time 
becomes 
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Transfer time 7. (ms) 


Applied voltage V,, (kV) 


Fig. 13—Relationship between transfer time and voltage 
applied to the corona wire. The solid line shows 
theoretical values, and dots are experimental 
data. The gray area shows the arc discharge 
region. 


eas / 20gm €5 

: q Qo 

In one of the setups, the following values 
were obtained: C=0.4 uF/m? (capacitance of 
25 wm Mylar film, 12 wm toner layer and 80 pm 
line printer paper), Vie =6kV, 1, =30 um, 
1, =5.0 mm, R = 0.38 Qm? (the measured value 
of the conductive roller), Q) = 320 uC/m?, 
g=1 yum, g/m=30uC/g. Therefore, the charg- 
ing times and toner transfer time are 7, = 2 ms, 
Tr = 0.33 us and 7; = 4.4 us. Since T <<7,, the 
corona transfer time 7, is essentially 7,. Also, 
since Tr <<7;, the roller transfer time Tp is 
essentially 7,. Therefore, T, and Tr can be 
expressed as 


le = fe Fp eles 

TrR=tR+T*T. 
3.2 Results and discussion 

3.2.1 Transfer time 


Figure 13 shows the relationship between 
T, and V;. for various corotron geometries. 
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Fig. 14—Relationship between transfer time of roller 
transfer and width of gap between transfer 
material and toner layer. The term q/m is toner 
charge to mass ratio. Qg is the charge applied 
to the transfer material. 
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Fig. 15—Relationship between transfer ratio and paper 
speed. 


The curves were calculated from Equation (9) 
with a composite capacitance of 0.4 uwF/m?. 
The maximum applied voltage before arc dis- 
charge was measured for various corotrons. 
These values are indicated in Fig. 13 by circles. 
Thus, the corotron cannot be used in the shaded 
region of Fig. 13. 

The smaller the corotron, the higher the 
corona discharge ratio and the shorter the 
transfer time. A short transfer time prevents 
charge from leaking through the transfer 
material to the toner layer. However, if the 
corotron is too small, the amount of corona 
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is affected by small fluctuations in the power 
source. It is found that the optimal corotron 
dimensions are /, =5.0mm with a 10mm 
opening. The agreement between the theory and 
experiment is excellent. With this corotron 
design, the minimum transfer time is 1.5 ms and 
the maximum paper speed is 6.7 m/s. 

Figure 14 shows the relationship between 
transfer time and the air gap between the toner 
layer and transfer paper as calculated by 
Equation (17). The smaller the air gap, the 
shorter the transfer time. If enough pressure is 
applied to the roller, the air gap can be reduced 
to lym. With this gap, the transfer time is 
less than 8 ys and, if the nip is 1 mm, the 
paper speed can be 125 m/s. 

3.2.2 Measuring high-speed transfer 

The transfer ratio of the three transfer 
techniques is shown in Fig. 15. At paper speeds 
faster than 60 cm/s, the transfer ratio of each 
technique is greater than 80 percent and is 
constant. At low paper speeds, the transfer 
ratio of dielectric roller transfer is constant, 
but those of conductive roller transfer and 
corona transfer decrease because at low paper 
speeds, more charge leaks through the transfer 
material, neutralizing the toner charge and 
decreasing the electric field. 


4. Conclusion 

Electrostatic transfer was investigated both 
theoretically and experimentally. 

The transfer mechanism and optimum 
transfer conditions were the same for corona 
transfer and roller transfer (both conductive 
roller transfer and dielectric roller transfer). 
The transfer ratio reached a maximum in an 
electric field of 36 MV/m in the air gap, which 
corresponds to a surface charge density of 
320 wC/m? due to air breakdown. There is 
a toner charge/mass ratio which gives the 
maximum transfer ratio at the electric field. 
At least 0.7 kg/cm? of pressure is required 
for good toner image transfer. 

The theoretical limit of the transfer speed 
is 6.7 m/s for corona transfer and 125 m/s 
for roller transfer. An acceptable toner transfer 
image, with a transfer ratio of more than 
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80 percent was. obtained on plain paper at 
paper speeds up to 2 m/s. 
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In this paper, an image quality evaluation method for color gamut is studied. In subjective 
assessments for color gamut in color hard copies, color wedges were found to be more useful 


than natural images for designing color devices. 


Furthermore, it is also shown by experiment that unwanted density can be assessed in 
addition to primary density by calculating a block ink density whose color hexagon inscribes 


that of actual inks. 


1. Introduction 

When designing and _ fabricating color 
imaging devices such as color printers and 
copiers, it is important to first determine a 
target opinion score for image quality. Major 
parameters for color image quality are resolu- 
tion, number of gradation levels, graininess, 
and color gamut. This paper discusses the evalua- 
tion of color gamut. Design of color imaging 
devices requires optimization of parameters. 
This is not possible unless we know exactly the 
available range of parameters, and the relation- 
ship between the parameters and opinion scores. 
Knowledge of this relationship enables determi- 
nation of parameters for the target opinion score, 
and prediction of opinion scores of color 
imaging devices. The relationship is especially 
important in color printer design because of 
the large trade-off between parameters. 

So far, many studies have been conducted 
to evaluate the relationship between opinion 
score and resolution, gradation levels, and 
graininess. However, no evaluation has been 
made for color gamut. This may be due to the 
complexity of the relationship, which depends 
heavily on the kinds of images used for the 
subjective assessments. 

The authors have already proposed finding 
the exact relationship between opinion score 
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and resolution, and that between opinion score 
and number of gradation levels, by using simple 
artificial patterns such as black circles and color 
wedges instead of natural images. In this paper, 
a similar approach was taken to find the 
relationship between opinion score and color 
gamut. When evaluating color gamut, the un- 
wanted density as well as the primary density 
should be taken into account. This paper also 
discusses the evaluation of color gamut using 
equivalent block ink density, which is calculated 
using the CIE 1976 UCS diagram (u’v’ chro- 
maticity diagram). 

This paper first describes the evaluation of 
the relationship between the opinion score and 
color gamut using natural and artificial images. 
Then the measurement of color gamut using 
equivalent block ink density is discussed. 


2. Evaluation of relationship between opinion 
score and color gamut 
2.1 Natural image 
The ten natural images shown in Fig. 1 
were printed with four density ranges, and 
were subjectively assessed. The images were 
printed on 114.2mmx91.4mm _ paper by 
a photothermographic printer with the resolu- 
tion of 11.2 pixels/mm and 256 gradation levels. 
Ten people were asked to grade the image 
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1) 6) 
2) 7) 
3) 8) 
4) 9) 
5) 10) 


Fig. 1—Natural images used for subjective assessment. 
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Table 1, Subjective evaluation category 


Score Impairment 
5 Imperceptible 
4 Perceptible but not annoying 
3 Slightly annoying 
- Annoying 
1 Very annoying 


Opinion score 


o: 
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Fig. 2—Evaluation results of natural images. 


quality on the CCIR five-grade scale shown 
in Table 1. 

Figure 2 lists the assessment results. The 
horizontal axis is optical ink density. The 
vertical axis is the opinion score. For equal 
optical densities, opinions scores depend greatly 
on the kinds of images. 


2.2 Artificial image 

To make the assessment results more objec- 
tive, the authors looked for images that are 
always scored more severely than any natural 
image. First, 10mmx10mm color patches 
in Y (yellow), M (magenta), C (cyan), R (Red), 
G (green), B (blue), and K (black) were subjec- 
tively assessed. Figure 3a) shows the color 
patches. 

All the primary densities for Y, M, C, R, G, 
B, and K were set equal to one of eight densities. 
Some opinion scores were lower than those 
of natural images, but the others were higher, 
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a) Color patch 


b) Color wedge 


Fig. 3—Artificial patterns. 


as shown in Fig. 4a). This means that color 
patches are not suitable for the assessment of 
color gamut. 

Color wedges of Y, M, C, R, G, B, and K 
were then assessed. Each had a primary density 
of zero at one side and the maximum value 
at the other side. All the primary densities 
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Fig. 4—Evaluation results of artificial patterns. 


for Y, M, C, R, G, B, and K were set equal 
to one of six densities. Figure 3b) shows the col- 
or wedges. The printed area is 113 mm x 91 mm. 
As is shown in Fig. 4b), color wedges are judged 
more severely than natural images, but not too 
severely. The solid line in Fig. 4 gives the re- 
lationship between primary density and the 
minimum opinion score. Accordingly, color 
wedge patterns are better than natural images 
for assessing color gamut. 


3. Measurement of color gamut 
3.1 Primary density 

In reproducing color images, inks in three or 
more colors are needed. Generally, three pri- 
mary inks are used. These are Y, M, and C. 
Consequently, there are three primary densities 
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Printer 4 


Printer 3 


Printer 2 


Opinion score 


Printer 1 
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Fig. 5—Results of assessing devices using the primary 
density of cyan. 


Table 2. RGB densities of each device (Cyan) 


Primary Unwanted 
density density 


R G B 


Printing 


Printer technology 


Printer 1 1.38 0.61 0.57 | Photography 


Dye diffusion 
thermal transfer 


Printer 2 1.00 0.51 0.30 


Dye diffusion 
thermal transfer 


Photo- 
thermography 


Printer 3 0.88 0.32 0.26 


Printer 4 1.45 0.59 0.35 


for a certain set of color inks. In addition, 
primary density is largely dependent on the 
color filter bandwidth used to measure the 
primary density. It is therefore difficult to 
compare color gamuts of sets of color inks 
using primary density. 

Furthermore, primary density 
unwanted density, which sometimes degrades 
color gamut to a large extent. Figure 5 gives 
the results of assessing color wedges printed 
by four color printers: an instant photographic 
video printer, two dye diffusion thermal transfer 
video printers, and a _photothermographic 
printer. Opinion scores do not increase with 
primary density. This is mainly due to the un- 
wanted density. 

Table 2 lists the primary and unwanted 
densities of cyan. The primary densities of 


neglects 
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Block inks 


a) Equal area method 


ba Actual inks 


Block inks 


b) Inscribed density method 


Fig. 6—Calculation of equivalent block ink density. 


printers 1 and 4 are almost equal. Unwanted 
blue density of printer 1 is much higher than 
that of printer 4. This raises the opinion score 
of printer 4. The primary density of printer 2 
is higher than that of printer 3, but printer 2 has 
a higher unwanted green density. Consequently, 
the opinion scores of printers 2 and 3 are almost 
equal. 

CIE chromaticity diagrams (xy or u’v’) are 
widely used to compare color gamut”. These 
diagrams only allow rough comparisons because 
the comparison is made in shapes, not numbers. 

In the evaluation of colorants, the color 
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Fig. 7—Results of assessing devices using equivalent block 
ink density. 


circle method” is generally used. This method 
compares hue differences and unwanted densi- 
ties graphically. However, no study had been 
made to clarify the relationship between opinion 
scores. 


3.2 Equivalent block ink density 

The authors propose calculating equivalent 
block ink density as a solution to these 
problems. In this calculation, the block inks 
which make color hexagon with the largest 
area in u’v’ chromaticity diagram is used. Densi- 
ties of reflective areas are equal to zero. Densi- 
ties of absorptive areas for Y, M, and C are all 
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Table 3. Primary densities of printer 4 


Y M C 
a) 0.68 0.59 13] 
b) 0.82 0.58 1.29 
c) 0.82 0.78 | 12.29 
d) 148 115 | 124 
e) 1.61 1.59 1.60 


Opinion score 


0.2 0.4 0.6 0.8 
Equivalent block ink density (OD) 


Fig. 8—Results of assessing a photothermographic printer 
using equivalent block ink density. 


equal. By simulation, transition wavelengths 
of the block inks which make the largest color 
hexagon in u’y’ chromaticity diagram were 
found to be 495 nm and 580 nm. It is preferable 
to make calculations in L*a*b* uniform color 
space”, but the amount of calculation is 
enormous. 

When block ink density is zero, color 
hexagon area is zero. Color hexagon area 
increases as block ink densities become higher. 
When block inks and actual inks have the same 
densities, color hexagon area of block inks 
is always larger than that of actual inks because 
block inks have no unwanted densities. First, 
block inks with the same color hexagon area 
as that of actual inks, as shown in Fig. 6a), 
were studied. The four color printers listed in 
Table 2 were evaluated. Opinion scores do not 
increase with the equivalent block ink density, 
as is shown in Fig. 7a). It seemed that distortion 
of the color hexagon shape had a large influence 
on the results. According to this result, 
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Opinion score 


0.0 0.2 0.4 0.6 0.8 
Equivalent block ink density (OD) 


Fig. 9—Results of assessing color gamut using equivalent 
block ink density. 


equivalent block ink density was calculated 
based on the color hexagon shape, not area. 
Block inks that make a color hexagon inscribing 
that of actual inks, as shown in Fig. 6b), were 
then studied. 

Assessment results for the four color printers 
using the equivalent block ink density are shown 
in Fig. 7b). Opinion scores increase with the 
equivalent block ink density. Next, color wedges 
were printed by printer 4 with density range 
combinations shown in Table 3. Figure 8 shows 
the results of assessment. Opinion scores also 
increase with the equivalent block ink density. 
When equivalent block ink density is used, 
Fig. 4 becomes Fig. 9. 


4. Conclusion 

An evaluation method for color gamut in 
color imaging devices has been proposed. It is 
shown that color wedges in Y, M, C, R, G, B, 
and K are scored more severely than any natural 
images. Consequently, the artificial pattern is 
useful in subjective assessment of color imaging 
devices. 

It is also shown that the density of block 
inks that make a color hexagon inscribing that 
of actual inks in u'v’ chromaticity diagram has 
good correlation with opinion scores for color 
gamut. This enables numerical comparison of 
color gamut using density while taking un- 
wanted density into account. 
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A Filter-Alternating Color Scanner 
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A small and fast color scanner having precise color digitization has been developed. The 
scanner was designed using colorimetric simulation so that its characteristics match the 
RGB standard response. The filters and compensation matrix are adjusted to minimize color 
differences between the simulated and measured colors of the CIELAB color specimens. 

A filter-alternating mechanism for color separation was developed. A transparent filter 


is used for high speed monochrome scanning. 


The prototype scanner features excellent color performance, an average color difference of 
seven, and high speed monochrome scanning (six seconds for an ISO A4-size document). 
This color scanner is as small as a monochrome scanner. 


1. Introduction 

Recent developments in computers have 
made full color image processing practical 
and easy. More and more areas are using digital 
color images, and several color scanners have 
been developed”. The most important require- 
ment for color scanners is precise color digitiza- 
tion. Precise color digitization means that the 
output has exactly the same colors as the source. 
Colors must be expressed quantitatively. The 
CIE-RGB standard (human eye characteristics) 
established by the CIE (Commission Interna- 
tionale de l’Eclairage), and the NTSC-RGB TV 
standard are both widely used. If the scanner 
output follows a common standard, image 
processing and display can be more precise. 
As yet, no scanner output standard has been 
defined; but in the future, such a standard will 
become a necessity. 

To make the output match a standard, 
the scanner’s spectral response must also match 
a standard. We developed a way to determine 
a scanner’s spectral response by using computer 
colorimetric simulation. 

A color separation method must be selected 
when the scanner is manufactured. There are 
many ways to separate color, for example: three 
filters and three line sensors, a color sensor of 
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picture elements covered with color filters, 
and light source switching?’». The method 
used affects the scanner’s performance, size, 
speed, and cost. A scanner using three filters 
and three line sensors is fast but big. It is also 
very hard to adjust the scanning lines of each 
sensor. A scanner using a color sensor of picture 
elements covered with color filters is fast and 
compact, but precise color digitization is dif- 
ficult because the filters cannot be freely 
selected. Light source switching is slow and 
requires bulky equipment. We aimed at precise 
color digitization by free selection of color 
filters in a small device. The filter-alternating 
mechanism we developed switches color filters 
in front of an image sensor for each line. To 
achieve both precise color digitization and 
high speed monochrome scanning, white (trans- 
parent), yellow, and red filters are used. Mono- 
chrome scanning uses a white filter only. 

This paper describes the design of the 
scanner, its color characteristics and color 
separation, and the prototype”. 


2. Scanner structure and design objectives 
2.1 Scanner structure 

Figure 1 is a schematic of the color scanner. 
A color document is illuminated by the white 
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Fluorescent lamp 


Color filters 


Document 


CCD sensor 


olor 
conversion circuit OG 


Fig. 1—Model of color scanner. 


fluorescent lamp. The reflected light is focused 
by the lens through the color filters and onto 
the CCD sensor. The sensor transduces the 
amplitude of the incident light to an electrical 
signal. The sensor output is digitized by the 
A/D converter and the color conversion circuit 
converts this into red, green, and blue signals. 


2.2 Scanner design objectives 

Color scanners must have precise color 
digitization, and must be small and fast. Color 
scanners should not be much larger or slower 
than monochrome scanners. 
1) Precise color digitization 

For the scanner output to match a standard, 
the synthesized spectral response should also 
match a standard. However, electrical compensa- 
tion cannot exactly match the scanner and 
standard spectral responses. This is because of 
bright lines from the fluorescent lamp and the 
uneven spectral response of the CCD sensor. 
To match responses we minimized the error 
for as many colors as possible and developed 
a way to minimize the average error. 
2) High speed monochrome scanning 

Generally, a color scanner can be used 
for both color and monochrome scanning. 
However, until now, color scanning has been 
three times slower than monochrome scanning. 
Our goal was a monochrome scanning speed 
equal to that of a monochrome scanner. 
3) Compact optical system 

Color scanners should not be much larger 
than monochrome ones. We decided to develop 
a compact color separation mechanism. 
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Fig. 2—NTSC-RGB response. 


3. Design of color performance 

To match the scanner’s output with a 
standard, we developed a way to determine 
the spectral response using computer color- 
imetric simulation. 


3.1 Spectral response design 

Electrical compensation is useful because 
it is difficult to design color separation filters 
to compensate for the bright lines of the 
fluorescent lamp and the uneven response of the 
CCD sensor. Further more, standards like 
NTSC-RGB (see Fig. 2) have a negative response. 
Optical elements all have positive responses. 
Color performance without a negative response 
decreases the color depth of all digitized colors 
(see Fig.3). A method to create a negative 
response (electronic compensation of sensor 
output) is necessary. Because of the uneven 
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Fig. 3—Color performance without negative response. 


response and the _ negative response, we 
developed an electronic compensation method. 
Sensor output O; is expressed by 


0; =f DOQLA)FQNCA)SAIAA , (1) 


where, 
i : Separation color (1, 2, 3) 
aN : Wavelength 


O; : Sensor output 
D(X): Spectral reflectance from color speci- 
men 
L(A): Spectrum of fluorescent lamp 
F;(A): Spectral transmittance of color filter 
C(A): Spectral sensitivity of CCD image 
sensor 
S(A): Spectral response of other optical 
elements. 
Negative response is achieved using the 
matrix operation in Equation (2). This is color 
conversion. 


R m, M2, ™3 O, 
G|= Mg Ms Me O, ; new (2) 
B Mz Msg Mo O03 
where, 
T (R,G,B) : Scanner output 


M(m,-—m,)_ : Conversion matrix 
O (0,,0,, 03): Sensor output. 
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To compensate using Equation (2), the nine 
elements of the matrix must be determined. 
These elements depend on the optics and on 
an objective standard response. Generally, 
the nine elements can be determined from 
nine equations, which come from the three 
colors. If these elements are determined from 
three colors, these three colors can be converted 
perfectly. However, there is no guarantee that 
other colors will be precisely digitized. A way 
to minimize the average error for a large number 
of colors is needed. 


3.2 Definition of matrix elements 

We used the least squares method to 
minimize the average error. We chose the nine 
elements to minimize the average errors of color 
values. 

The method of minimizing the average 
error is expressed in Equation (3). 


M = (P0,°%0,0,')"* , eee 6), 


P,: Color value in the objective standard 
for n color specimens 

O,: Sensor output for n color specimens 

M : Conversion matrix. 


P,, and O, are three-row, n-column matrixes. 
O, is calculated by computer from Equation (1), 
P, is the color value consisting of n color 
specimens in a standard. These values were 
measured with a colorimeter. From Equation (3) 
the conversion matrix M is fixed to minimize the 
error of P, and Oy. 

There are two problems with this method. 
The first is how to select colors to determine 
the matrix. (Compensation is considerably 
influenced by this selection.) The second is 
the quantitative estimate of the error. 

People evaluate color error using a combina- 
tion of hue, brightness, and saturation. If 
the conversion matrix is designed using colors 
which can be converted from the RGB scanner 
output and matches our visual characteristics, 
the error people perceive can be minimized. 
We used the colors in the CIELAB color space 
(see Fig.4). This space was determined by 
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White 


Yellow 


Red 


Purple 


Fig. 4—CIELAB color space. 


a) JIS color chips 


—100 —50 0 50 100 


b) Selected colors 
Fig. 5—Color selection. 
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CIE and is based on the eye’s color response. 
L* represents brightness, and the position 
in the a* and b* planes define hue and satura- 
tion. The distance between colors is the color 
difference and is proportional to the eye’s 
sensitivity. We filled our conversion matrix 
with colors equally distributed in this space, 
and used the color difference to evaluate the 
error. 

The 1142color chips of the Japanese 
Industrial Standards were measured and their 
positions within the space were determined. 
Figure 5a) shows the colors within the a* and b* 
planes when L* is 60. Colors are concentrated at 
the center. In the matrix obtained, the colors 
at the center are more weighted. The con- 
version error of the colors in the periphery 
is larger than that of those at the center. To 
minimize the error for many colors, the colors 
must be equally distributed. We selected 439 
equally distributed colors in Fig. 5b) and chose 
the matrix elements to minimize the average 
error. 


3.3 Performance evaluation 

We evaluated the matching between the 
scanner output and the NTSC-RGB standard, 
and evaluated the average matching error. 


Relative response 


: NTSC-RGB 
: Scanner 


400 500 600 700 
Wavelength (nm) 


Colorimetric factor 


R 0.93 
G 0.97 
B 0.90 


Fig. 6—Synthesized spectral response. 
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b) WYR filters 


Fig. 7—Color performance. 
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Fig. 8—Separation color. 


Figure 6 is the synthesized spectral response 
which combines the response of the optical 
system with the conversion matrix. Each color- 
imetric factor of R, G, and B is more than 
0.9, and this is sufficient. Scanner character- 
istics agree almost perfectly with the NTSC-RGB 
standard. 

Figure 7a) is the simulated color _per- 
formance of a scanner having the character- 
istics shown in Fig. 6. Using RGB separation, 
twenty colors were precisely digitized. The 
differences between the measured and simulated 
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values are less than five, which is barely discern- 
ible. 


3.4 Color separation 

The matrix operation combines color 
compensation and color conversion. It can 
be used for color separation with non-RGB 
filters |see Fig. 7b) | .These results are also good. 
We use WYR color separation for fast mono- 
chrome scanning. 

Figure 8 shows the spectral response of 
the RGB and WYR filters. RGB color scanners 
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use a green filter for monochrome scanning. 
The green filter passes green light but over- 
attenuates other frequencies and thus slows 
scanning. To get the same intensity of light 
as in a monochrome scanner, a white filter 
should be used. We chose WYR color separation 
and used only the white filter for monochrome 
scanning. The scanning speed is the same for 
both color and monochrome scanning. In color 
scanning, the WYR output is converted to 
RGB without increasing the color error (see 
Fig. 7). 

To obtain the same CCD output level, 
the white filter requires 2.1 ms per line and 
the green filter requires 6.9 ms per line. 


4. Color separation mechanism 

To achieve precise color digitization, high 
speed monochrome scanning, and compactness, 
we must be able to select filters easily and scan 
with only one CCD sensor. To achieve this, 
we developed a color separation mechanism 
using filter switching. 

Generally, in filter switching, the whole 
page needs to be scanned once for each color 
because the switching speed is too slow. Page 
memory is needed for color conversion. It is 
better if the three color signals can be obtained 
line-by-line. We developed a color separation 
mechanism which does this (see Fig. 9). Color 
strip filters are quickly placed in front of a CCD 
sensor. The filters are placed so that the dis- 
placement of the filters and the light required 
can be minimized. This is energy efficient and 
allows fast filter switching. 


Color filters 


Flat springs 


Linear motors 


Fig. 9—Filter switching mechanism. 
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The upper filter is red, the center is white, 
and the lower is yellow. Filters are switched 
by moving-coil linear motors. 

This method has several advantages: 

1) Easy filter selection permits precise color 
digitization. 

2) The compact optics use only one lens and 
one CCD. 

3) Switching is fast. (This is done using a 
frictionless mechanism with flat springs.) 

4) The scanner is simple. 

5) Because there is only one CCD, the optical 
system does not have to be adjusted. 

Figure 10 shows the filter movement. 
Our compact servo-positioning system positions 
the filters while the CCD integrates the reflected 


1 line 


\« i 


3mm 


fi 


Displacement (2 mm/div) 


CEE 
Pee 
doom || ces | || 


Time (5 ms/div) 


Fig. 10—Filter movement. 


Fig. 11—Prototype scanner, 
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Table 1. Specifications 


Item Specification 


A4-size max 
Flat-bed 


Filter-alternation 


Document size 
Scanning system 
Color separation 
Separation color White, yellow, red 
60 s/A4-size (color) 

6 s/A4-size (monochrome) 


Scanning time 


Scanning resolution 8 pels/mm 
Graduation level 256 levels 
Output signal NTSC-RGB 


Purple 


max 15 ©: Colorimeter 
Average 7 *: Scanner 


—100 —50 0 50 100 


Fig. 12—Color performance. 


light. Scanning a line involves three filter switch- 
ings and three color integrations. The CCD 
integration time is 10 ms, and the total switch- 
ing time is 15 ms. It takes only 25 ms to scan 
one line. This is 40 lines per second. An ISO A4- 
size document can be scanned in | min. This 
is slower than most monochrome scanners, but 
very fast for a color scanner. 


5. Prototype scanner 

Figure 11 shows our prototype scanner, 
and Table 1 gives its specifications. Flat-bed 
scanning is used that so both books and single 
sheets can be scanned. The scanning time 
for an ISO A4-size document is 60s for color 
and 6s for monochrome. The resolution is 
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eight picture elements per millimeter and 
the gradation is 256 levels for each color. 
The output conforms to the NTSC-RGB 
standard. This is convertible from CIE-RGB and 
is convenient for color CRT monitors. 

WYR is converted to RGB by ROMs holding 
the conversion tables. This is compact and keeps 
the conversion time short. 

Figure 12 shows the color performance 
for 20 colors. The results agree well with the 
simulation. The average color difference is 
seven. Unfortunately, because a standard for 
color scanners has not been defined, exact 
comparison with other scanners is impossible; 
however, most scanners would have a color 
difference of more than ten. 

A considerable portion of the average error 
is due to the relatively poor color performance 
for yellow. We are now looking for ways to 
overcome this problem. 


6. Conclusion 

We have developed a way to design color 
scanners so that the spectral response matches 
a standard. The sensor output was adjusted 
to minimize the average error for a large number 
of colors equally distributed in the CIELAB 
color space. 

WYR color separation enables a mono- 
chrome scanning speed that is 3.3 times faster 
than RGB scanners. Color compensation and 
WYR to RGB conversion are done at the same 
time. Color digitization was precise and mono- 
chrome scanning was fast. 

For color separation, we developed a com- 
pact mechanism that quickly switches filters. 

Our prototype scanner features excellent 
color performance, an average color difference 
of seven, and high-speed monochrome scanning 
(six seconds for an ISO A4-size document). 
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A sensor for personnel identification that uses a laser light source has been developed. It 
consists of a transparent light-conducting glass plate with a plain grating hologram, and a 
focusing lens under the hologram. Because the plate is plane-parallel, all optical paths from 
each point on the fingerprint to the hologram are equal, and a bright fingerprint image is 
obtained without the trapezoidal distortion inherent in prism sensors. 


1. Introduction 

Security continues to be an extremely 
important consideration in computer systems, 
and the ways in which it is implemented are 
legion. One popular way is the ID card, which 
provides efficient entry contro] to secure areas. 
However, cards can be lost or stolen. The use 
of a secret code is another efficient method 
of identification. It can be used, for example, 
to control the use of data entry terminals. 
But such codes can be easily guessed, especially 
in this age of personal computers and inventive 
hackers. 

The fingerprint, being unique and unchange- 
able, remains the most reliable means of identi- 
fication. A variety of ID and access control 
systems have been developed to identify users 
by fingerprint”. 

Such fingerprint identification systems must 
operate in realtime and use an algorithm that 
quickly compares an input with previously 
registered fingerprints. 

Such systems must also produce distortion- 
free fingerprint images unaffected by latent 
fingerprint images. 


2. Conventional sensors 

Most fingerprint sensor use a prism (see 
Fig. 1) into which a beam is introduced through 
one of the prism’s angled surfaces. The beam 
undergoes total internal reflection at the top 
of the prism. When a finger is placed on the 
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prism, total internal reflection no longer occurs 
at the points of contact. Light incident at these 
points is not reflected, and a fingerprint image 
is imposed on the light reflected to the other 
angled surface. This image is then focused on 
the image pickup element (CCD) by a lens. 

This method has two major problems: 

1) Trapezoidal distortion caused by unequal 
optical paths between each point of the 
fingerprint and the image focusing lens. 

2) Light noise caused by latent fingerprints. 

A partial solution to these problems is 
shown in Fig. 27). The image pickup element 
is positioned beyond the light scattered from 
fingerprint ridges. This improves the contrast 
and is effective against light noise, but does 
little to eliminate trapezoidal distortion. 

To solve the above problems completely, 
we developed a holographic sensor®? consisting 
of a plain grating hologram and a flat glass 
plate with a laser light source. 

3. Holographic fingerprint sensor”? 

The transparent flat glass plate used in 
the holographic sensor has a hologram at one 
end and a fingerprint input port at the other 
(see Fig. 3). The laser beam is directed to the 
fingerprint input port from the back of the 
glass plate. The finger is simply pressed against 
the glass plate. 

The sensor produces contrast by using the 
differences in the scattered light reflected 
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Fig. 1—Principle of prism fingerprint sensor-1. 
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Fig. 2—Principle of prism fingerprint sensor-2. 


in the glass from the fingerprint’s grooves 
and ridges. Because of the thin layer of air 
between fingerprint grooves and the glass, 
the reflected light enters the glass from the 
air layer and then exits the other side at the 
angle of incidence. This reflected light enters 
the glass at different angles depending on how 
the fingerprint ridges touch the glass. Light 
entering at an angle of incidence below the 
critical angle is reflected repeatedly within 
the glass (total internal reflection) and 
propagates through the glass plate. Other light 
exits the glass in the same way as light scattered 
from a grooved surface. The repeatedly reflected 
light carrying the image of the fingerprint 
ridges exits the glass at the hologram. The 
external image-forming optical system then 
forms an image of the ridges. 
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Virtual image 


Fig. 3—Principle of holographic fingerprint sensor. 


The parallel-plate of the holographic sensor 
equalize, all optical paths from the fingerprint to 
the hologram and eliminates trapezoidal distor- 
tion. 


4. Designing the sensor optical system 
4.1 Hologram design 

Designing the hologram for the sensor 
presented some challenges. First, the incline 
angle of the hologram grating had to be large 
enough to bend and efficiently direct into the 
air the light coming through the flat glass 
plate. This angle had to be greater than the 
critical angle during reconstruction. In construc- 
tion, one of the two construction waves of 
the hologram had to meet the conditions for 
total internal reflection. However, light could 
not enter from the air, and the hologram could 
not be created by interference. A hologram 
exposure method had to be developed that was 
free of these problems. 

We used two-light flux interference exposure 
and plane waves (see Figs. 4 and 5). 

The following symbols are used in this 
discussion: 

6,,9,: Angle of incidence for hologram 


construction 

63 : Angle of incidence for hologram 
reconstruction 

A, : Outgoing angle for hologram re- 
construction. 


If the angle of incidence at the glass surface 
is 83,, the scattered light from a fingerprint 
ridge with upheaval image information will 
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ee 


Fig. 4—Angle of incidence for hologram construction. 


Fig. 5—Hologram reconstruction, 


cause total internal reflection at the glass surface 
of the sensor if the following condition is 
satisfied: 


Gag ae 
Taking the mechanical margin into account, 


we set the angle of incidence for the prototype 
sensor to: 


O03, = 45 a 
0, for directing scattered light from the glass 


to the air is Odegrees because the external 
image-forming optical system is inlined, That 


6, =0°. 

When a hologram meeting the above condi- 
tion is created, interference cannot be used 
for its construction. 

This is because one of the construction 
waves must enable conditions for total internal 
reflection in the glass but no light can enter 
from the air. Adding a trapezoidal prism to holo- 
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Ac = 325 nm 
Ag = 830 nm 


Ac = 325 nm Ac = 488 nm 


Ag = 633 nm Arg = 633 nm 


Ng = 151 
Nh = 1.60 


Hologram construction angle (degrees) 


Os 


Construction Reconstruction 


0 0.5 ] 
Wavelength ratio (Ac/Ag) 


Fig. 6—Relationship between hologram construction 
angle and wavelength ratio. 


gram materials may enable light to enter at an 


angled surface, but this is hard to achieve. 
Therefore, we used light with a wavelength 


that was Ac shorter than Ag for reconstruction 
as the light source to construct the hologram. 
This results in a grating inclination angle of 6 
and a spatial frequency f that meets the condi- 
tions for efficient light entry into the air at 
the critical angle (or wider angle). This enables 
standard two-light flux interference exposure. 
Figure 6 shows the relationship between 
the angle of incidence for construction and 
the wavelength ratio. The Y-axis indicates the 
angle of incidence, 8, or 8,, whichever is larger. 
The parameter is the propagation angle, 
63, of the light that passes through the glass 
because of total internal reflection in recon- 
struction. The reconstruction and construction 
wavelength ratio Ac/Ag cannot be made con- 
tinuous as shown by the arrows in Fig. 6 because 
the laser wavelength is discrete. If the 0, value is 
too large, hologram exposure optics cannot be 
implemented, so the value must be as small as 
possible. Construction wavelength Ac was made 
shorter than reconstruction wavelength Arg to 
reduce the 8, value to less than 90 degrees and 
to enable light to enter from the air. As 03, 
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approaches the critical angle, the @, value 
becomes small and hologram construction 
becomes easy. 6, also decreases if the 
construction/reconstruction wavelength ratio 
Ac/Apg decreases. Because the prototype finger- 
print sensor uses a He-Cd laser (Ac = 442 nm) 
for hologram exposure and a semiconductor 
laser for reconstruction (Ag = 830 nm), 6, and 
6, were set as follows: 


6, = 14.1%, 6, = 543°. 


The spatial frequency f and incline angle 6 
of the hologram grating then become: 


f = 1286lines/mm, 65 = 21.0° ... (5) 


NS Si 
LESS 


b) Reconstruction of plain grating by divergent 
spherical wave (solid figure) 


a) Reconstruction 
(front view) 


Fig. 7—Cause of astigmatism. 


Image pickup element 
(CCD) Hologram 


Horizontal 
virtual image 
correction 


Vertical _ 
virtual image 
correction 


| Cylindrical lens 
ws 


Image pickup element (CCD) 


4.2 Designing the image-forming optical system 

4.2.1 Astigmatism 

As mentioned in section 4.1, the hologram 
for the fingerprint sensor uses a plane grating 
created by plane wave interference. Because 
the light entering the hologram from each point 
on a fingerprint ridge has a divergent spherical 
waveform, the virtual image of the fingerprint 
observed through the hologram has astigmatism. 

Figure 7a) shows how astigmatism occurs. 
At any point on the hologram | Fig. 7b), points 
a to i}, reconstructed waves do not have the 
same wavefront as constructed ones. This 
is because divergent spherical waves scattered 
by fingerprint ridges are used in reconstruction. 
The reconstructed wave entering the hologram 
from point P goes to the image pickup element 
after being diffracted by the hologram. When 
diffracted beams q,, g2, and q3 are extended, 
a virtual image of point P should appear where 
they cross. However, because the constructed 
and reconstructed waveforms differ, the three 
beams cross at points P’, P”, and P’” instead 
of at a single point |see Fig. 7a)}. Because 
many light paths contribute to the formation 
of a virtual image, point P on the finger becomes 
a horizontal stripe (S,) near the hologram, and 
becomes a vertical stripe (S,) at a distance 
from the hologram {see Fig. 7b)|. Image S, is 
called a vertical virtual image because it is 
vertically focused. Image S, is called a 
horizontal virtual image because it is horizontal- 
ly focused. 


Horizontal virtual image 


Vertical virtual image 


es 


vl 


difference 


Hologram 


+ 


Fig. 8—Astigmatism correction using orthogonal cylindrical lenses. 
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4.2.2 Orthogonal cylindrical lens 

The vertical and horizontal images are best 
formed independently on the image-forming 
surface. That is, the lens for vertical images 
should only contribute to forming vertical 
images and the lens for horizontal images 
should only contribute to forming horizontal 
images. A cylindrical lens is the most suitable 
for such unidirectional focusing. If two 
cylindrical lenses are positioned orthogonally, 
the images can be formed independently (see 
Fig. 8). Cylindrical lenses CL; and CL, with 
focusing distances f,; and f, are used to form 
the horizontal and vertical image components. 


If the distances from the image-forming surface . 


to the lenses are a, and a, and the distances 
from the lenses to the horizontal and vertical 
images are b, and b,, the expression below 
can be derived from the following lens formula: 
1 1 1 1 1 1 
+— =—, + =— =, 
ay by fi a2 b2 fr 
Because images are formed on the same 
image-forming surface, the following expression 


is true when the astigmatic difference is d,, 
where 


dz, = (@; + by) — @q + 52). seat) 

The three expressions below must be satis- 
fied in image formation. If the magnification 
rates of the horizontal and vertical images 
are m, and my , the following expressions are 
true: 


. (6) 


b b 
He Fey Wy PES. gee gescns (8) 
ay; a2 


a,, 4, b,, and by are deleted from the expres- 
sions as follows: 


fi * @ny ¥1) fo + (mz +1) 
my, Mo ; 


d, = (9) 


The astigmatic difference, d,, can be calcu- 
lated if the distance (optical path length of 
scattered light) from the finger to the hologram 
is determined. The magnification rates of the 
horizontal and vertical images should therefore 
be set to the desired values to determine the 
combination of f, and f,. 
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Enlarged view 7,7 
t 
we | 
Ny 


7 
Se ’ 


Hologram vr 
SS) 
Virtual image 


Image pickup 
element (CCD) Cylindrical lens 


Enlarged view P 
= a) Blurred image 


Spatial filter 


Enlarged view 


b) Effect of spatial filter 
Fig. 9—Improved resolution using spatial filter 


So far, only the perpendicular outgoing 
light from the hologram has been discussed. 
However, light exiting askew and entering 
the lens off-axis contributes to form imaging 
and blurs the image on the image-forming 
surface {see Fig.9a)|. To simplify this, only 
one of the two orthogonal image-forming 
lenses is shown. Of the light forming a virtual 
image, all rays (r;, rz, and r3 ) that pass through 
the lens contribute to image formation. A new 
technique is needed to form the entire input 
pattern clearly on the image-forming surface. 

We developed an optical system with a slit 
spatial filter at the focusing position of the lens, 
|see Fig. 9b)|. This filter is positioned so that 
it enables light from r,; to r, to form an image 
and eliminates light from r, to r3, thus im- 
proving resolution. In addition, because all 
incident light perpendicular to the lens passes 
the focus point, a spatial filter at this position 
functions effectively over the entire input 
area. 

Creating an isotropic image in image 
memory is important for enlarging the identifi- 
cation logical margin so that the fingerprint 
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a) Touching 


Fig. 


Finger 


Glass plate 


| ) Hologram 


Teaser here souree Image pickup element (CCD) 


a) Experimental system 


Fig. 11— Relationship between contrast 


can be identified if the finger is turned. In 
general, the cell spacing of the image pickup 
element (CCD) is not Therefore 
it is hard to form an isotropic image in memory, 
and special software and processing time are 
needed to correct magnification. Vertical and 
horizontal magnification rates are controlled 
independently and optical super-parallel 
operations in holographic sensor optics can 
quickly and easily produce an isotropic image in 
memory. 


isotropic. 


4.3 Optimizing the lighting angle 
As mentioned in Chapter3, the sensor 
only detects an image formed by scattered light 
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Contrast 


b) Removed 


10—Examples of detected fingerprint images. 


Clean Envelop for ridge 


Envelop for groove 


—20 0) 20 40 
Illumination angle (deg.) 


b) Experiment data 


and lighting angle from inside flat glass plate. 


beams from fingerprint ridges. If the input 
surface is blurred by sweat or grease, light may 
be reflected and superimposed on the grooves 
(see Fig. 10). The influence of these 
fingerprints must be eliminated. 


latent 


Figure 11 shows the relationship between 
sensor output contrast and the angle of lighting 
from inside the flat glass plate. Sensor output 
contrast is defined by the ratio of ridge signal 
levels to groove signal levels. The lighting angle 
is plus if it is not on the hologram side of the 
finger and minus if it is on the hologram side 
of the finger. The input surface is rated clean 
immediately after being wiped with isoprophyl 
alcohol (IPA) and is rated dirty after being 
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a) Touching 


Finger 


plate 


Semiconductor 
laser 


b) Lighting using total 
internal reflection light 


a) Problem of direct 
lighting method 


Fig. 13— Ridge selective lighting. 


touched by fingers a few times. When the 
surface was clean, the contrast was almost 
stable at a lighting angle from —25 degrees to 
+7 degrees. When the lighting angle was under 
—25 degrees or over +7 degrees, the contrast 
deteriorated. This deterioration was probably 
caused because the light intensity per unit area 
and the intensity of light that could become 
internal reflected light from scattered informa- 


tion decreased. 
When a fingerprint was entered through 


a surface blurred with latent fingerprints, 
the contrast was low at all lighting angles. This 
was especially so on the plus side. If the contrast 
is sufficient even when the input surface is 
blurred (i.e. 10 or more), the lighting angle from 
inside the glass can be set within the range from 
—33 degrees to +7 degrees. 

Figure 12 compares fingerprint images ob- 
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b) Removed 
Fig. 12—Eliminating the influence of latent fingerprints by optimizing the lighting angle. 


tained at lighting angles of —25 degrees and 
+30 degrees. The image was greatly affected by 
latent fingerprints when the angle was +30 
degrees. However, only the current fingerprint 
appeared when the angle was — 25 degrees. 


5. Problems and techniques 
5.1 Selective ridge lighting 

This holographic fingerprint sensor uses light 
efficiently because the transparent flat glass 
plate is lit from directly underneath. This 
has the disadvantage of light leaking from the 
fingerprint input port | see Fig. 13a)!. The 
amount of leakage light is about four times 
larger than that allowed by laser safety stand- 
ards. A contact detection mechanism could be 
installed at the fingerprint input port and the 
light switched off when not in use. But light 
would still leak from the sides of the finger 
when in use. Covering the fingerprint input port 
would make it uncomfortable to use. To protect 
the user’s eye from the laser beam, the finger- 
print sensor must prevent light leaking from the 
fingerprint input port. 

To solve this problem, we developed a ridge- 
selective lighting system |see Fig. 13b)}. Instead 
of lighting the transparent flat glass plate from 
directly underneath, we used a transparent 
plane plate with a diagonally cut edge through 
which the light is irradiated. 

Figure 14 shows the light leakage at differ- 
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ent angles. (For the “Clean” result, the glass 
surface was cleaned with isopropyl alcohol.) 
The leakage ratio decreases rapidly as the angle 
of incidence exceeds the critical angle. This is 
especially true for a clean surface but, even 
if the surface is dirty, the leakage ratio is only 
about 9 x 10~? at 50 degrees of incidence. 

The maximum permissible exposure calcu- 
lated based on IEC Class | laser safety standards 
is 0.18 mW for 830 nm. We use a 25-mW laser 
diode to obtain a high contrast image. At an 
angle of incidence of 0 degrees, 0.7 mW would 


Leak age ratio 


Clean 


0 20 40 60 
Angle of incidence (deg.) 


Fig. 14— Leakage ratio as a function of angle of incidence. 


Iric 
Pak rism 


—» Illuminating 
light 


CCD output (normarized value) 


reach an operator’s eyes. In our system, a 
maximum of 0.08 mW reaches the operator’s 
eye, even when the plate is dirty. This more than 
satisfies the IEC standards. 


5.2 Spatial separation of illuminating light and 
information light 
If the ridge-selective lighting is adopted for 
safe use of the laser, the lighting angle within the 
plane perpendicular to the fingerprint input port 
cannot be optimized as explained in section 4.3. 
If the hologram is positioned in a positive 
reflecting direction from the lighting, a high 
output will be produced but the scattered beams 
from latent fingerprints will adversely affect the 
signal-to-noise ratio. We tried improving the 
signal-to-noise ratio by: optimizing the detec- 
tion angle between the light irradiated onto the 
surface parallel to the fingerprint input surface, 
and by optimizing the direction in which ridge 
information light propagates. , 
Figure 15 shows our experiment and its 
results. To simplify the experiment, a He-Ne 
laser (A= 633 nm) beam was used for lighting 
and a prism was used to pick up the light 
reflected from the finger. To check the relation- 
ship between the signal-to-noise ratio and detec- 
tion angle, the signal-to-noise ratio was defined 
from: (1) the output level S of the scattered light 
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| 


10 


Ridge information light 


S/N ratio 
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Fig. 15—Relationship between information light S/N ratio and crossing angle of illuminating and information light. 
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(information light) from fingerprint ridges when 
a finger was placed on the input surface, and 
(2) from the output level N of the scattered light 
(noise light) from latent fingerprints with no 
finger on the input surface. Output level S of 
ridge information light decreased as detection 
angle y increased. However, the signal-to-noise 
ratio improved because output level N of the 
scattered light from latent fingerprints decreased 
faster. The signal-to-noise ratio exceeded 100 
when the detection angle was 90 degrees. This 
means that the influence of latent fingerprints 
can be ignored. When the detection angle was 
increased to 120 degrees, output level S of the 
ridge information light changed little, but 
output level N of the scattered light from latent 
fingerprints decreased to almost unmeasurable 


Fig. 16—Prototype fingerprint sensor. 


a) Touching 
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levels. We finally set the detection angle at 90 
degrees to simplify the design and manufacture 
of the flat glass plate and other mechanical.com- 
ponents. At this angle, output level S of the 
information light from ridges is almost one- 
tenth that of the regular reflection component. 
However, this does not cause a problem if the. 
light intensity is correct and optical components 
use the light efficiently. 
5.3 Prototype fingerprint sensor 

To verify the effectiveness of the optics 
explained above, we made a prototype finger- 
print sensor (see Fig. 16). It is 230 x 100 x 
70 (mm). Figure 17 is an example of these 
optics using the holographic fingerprint sensor. 

Figure 18 shows an example of a detected 
fingerprint image. A high-resolution image was 
produced only when a finger was placed on the 


Semiconductor laser 
CCD 


Image formation system 


Hologram 


Fig. 17—Plactical optical system of holographic 
fingerprint sensor. 


b) Removed 


Fig. 18— Examples of detected fingerprint images. 
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fingerprint input port. The scattered black spots 
in the white ridge lines are sweat glands, proving 
the sensor’s high-resolution. 


6. Conclusion 

To solve the problem of trapezoidal distor- 
tion in conventional real-time fingerprint sensors 
for personnel identification, we developed 
a holographic fingerprint sensor consisting of 
a hologram and a flat glass plate. It uses a 
parallel-plane plate, so that the distance from 
each point on the fingerprint to the hologram 
element is equal and a distortion-free fingerprint 
image can be obtained. We also developed the 
hologram and flat glass plate for the sensor and 
external optics to correct astigmatism caused by 
the hologram. To make the sensor safe, we intro- 
duced ridge-selective lighting, which prevents 
laser light from leaking from the fingerprint 
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input port and possibly damaging the user’s eyes. 

If image forming can be integrated into 
a hologram several micrometers thick together 
with image pickup, no external optics will be 
needed, and the system can be made even more 
compact. 

Our next job is to develop a self-image- 
forming hologram. 
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Grating lenses can be made small and light, and can be mass-produced. However, wavelength 
variations in the light source cause aberrations and change the focal length of the grating 
lens. Therefore, it has been difficult to use grating lenses in high-precision optical systems 
that use light sources with wavelength variation. A new grating lens system with a high 
numerical aperture was proposed to suppress the aberration and keep the focal length 
constant over a wavelength range of a few tens of nanometers. Aberration calculations 
showed that the acceptable wavelength range was +15 nm for a system with a numerical 
aperture of 0.50. The gratings were made using electron beam lithography, and their focus- 


ing ability was then evaluated. 


1. Introduction 

Because grating lenses can be made small and 
light and are easily mass-produced, various 
applications such as laser scanner lenses!» ?), 
diode laser lenses>?, and slide projector lenses”? 
have been proposed. A diffraction lens can 
provide an arbitrarily designed wavelength, 
wavefront, and angle of incidence. However, if 
the reconstruction wavelength changes, this will 
cause aberrations in the reconstructed wave. 
Refractive optics generally have chromatic 
aberrations because refractive indexes have 
wavelength dispersion. However, the aberration 
caused by wavelength variation in a diffraction 
lens is much larger than that of a refractive lens. 
Therefore, if a diode laser is used to provide 
monochromatic light, the wavelength is not 
stable because of mode-hopping. Also, if a light 
source with a wide bandwidth is used, the beam 
cannot be precisely focused to a diffraction- 
limited spot using a conventional grating lens. 
If a grating lens has a large numerical aperture, 
the aberration will be severe. 


Considerable research has been done on 
compensation for chromtic aberration of diffrac- 
tion lenses, but no effective way of designing 
precise focusing grating lenses has been sug- 
gested. Weingartner proposed an achromatic 
grating lens system consisting of two holo- 
graphic elements®’. However, it is not suitable 
for precise beam focusing because there is no 
light in the paraxial region. A grating lens system 
that has compensation for chromatic aberration 
and a high numerical aperture has been designed. 
This system has about the same focusing ability 
as conventional aberration free lenses and was 
made using electron beam lithography. The 
results were satisfactory. 


2. Grating lens structure 

The grating lens systems of Weingartner are 
shown in Fig. 1. Diffraction limited focusing of 
conventional lenses cannot be obtained with the 
structure shown in Fig. 1 a) because there is no 
light in the paraxial region. The structure in 
Fig. 1 b) is not suitable for use with a light 


This paper is a reprint of the article published in Appl. Opt., 28, 4, pp. 682-686 (1989), entitled Wavelength 


independent grating lens system. 
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Grating 


Grating 


a) Two gratings with no light in the paraxial region of 
the converging beam 


Grating 


Grating 


b) Two gratings in which the light in the paraxial region 
of the reconstruction beam does not contribute to 
beam focusing 


Fig. 1—Achromatic grating lens systems proposed by 
Weingirtner>. 


source with a Gaussian power distribution be- 
cause the light in the paraxial region is not used 
and therefore the efficiency is low. 

The new grating lens system has two grating 
elements and because of its aberration com- 
pensation has almost no chromatic aberration 
over a wavelength range of a few tens of nano- 
meters (See Fig. 2). In this lens system, diffrac- 
tion angle variations due to wavelength changes 
are compensated by the second grating. There- 
fore, all rays converge on a focal point. A 
grating lens system that focuses a diverging 
spherical wave to a fine point requires a careful- 
ly designed lens structure. 

Design of a grating lens can be started by 
assuming an in-line lens structure (See Fig. 3). 
The path between GL; and GL is important. 
One solution is to cross rays between the grat- 
ings. Figure 4 shows how to determine the rays’ 
paths. 

Suppose a ray of wavelength A, leaves from 
point O (a point source) and reaches point R, 
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Grating Grating 


Fig. 2—Chromatic aberration compensation. 


Grating lens Grating lens 


| 
Gh, | | Gly 


Ne | 


| | 
| | 
Fig. 3—In-line two grating lens system. To compensate 
aberration, the paths of rays between gratings 
GL, and GL, must be determined. 


Fig. 4—Designing the spatial frequency distributions in 
radial directions of GL; and GL. Ay and Ay 
(Ay <A,) are design wavelengths, O is a point 
source, and P is the focal point. 


on GL,. The ray is diffracted toward r,, (the 
center of GL») and then diffracted again by 
GL». It then propagates along the axis of the 
grating system (O-P). Spatial frequencies F, and 
f; at points R; and r; can be calculated from 
the angles of incidence and the diffraction 
angles at the points. The wavelength then 
shifts to Ay (Az > A, ). Because the wavelength 
is longer, the diffraction angle at R,; becomes 
larger, and the diffracted ray reaches point r2 on 
GL. By assuming the diffracted ray at r 
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converges on point P on the axis, the spatial 
frequency f at ry can be calculated. By return- 
ing the wavelength to \,, it is possible to find 
point Ry on GL, and the spatial frequency 
Fy at the point by back-tracing the ray from P 
to O. Then, the location of point r3 and spatial 
frequency f3 at r3 can be calculated by tracing 
the ray from O to P for wavelength \. Finally 
R3 at GL; can be found by returning the 
wavelength to A; and back-tracing the ray. The 
radial spatial frequency distributions of the 
gratings are determined by repeating the above 
procedure until R, reaches the center of GL. 
R, and 7m, are the radii of GL; and GL re- 
spectively. An aberration-free in-line grating 


Glass plate 


Diode laser 


Fig. 5—The grating lens system and its parameters. 
The parameters are listed in Table 1. 


lens system for a wavelength of A; and Aj is 
obtained by rotating the structure in Fig. 4 
around the axis. 

Figure 5 shows the basic parameters of this 
grating lens system. It consists of two glass 
plates with gratings on the outer side of the 
plates. Table 1 lists the parameters used in 
calculations and experiments. The typical wave- 
length of the light source was chosen to be 
830.0 nm. Design wavelengths \; and A, can be 
chosen arbitrarily, but should not be too dif- 
ferent from the typical wavelength. To deter- 
mine the spatial frequency distribution of GL, 


Spatial frequency (mm-~') 


Conventional GL 


0.5 1.0 


Radial distance (mm) 


Fig. 6—Spatial frequency distributions of the grating 
lenses (GL;, GL) and a conventional in-line 
type grating lens. 


Table 1. Parameters of the grating lens system 
Parameter Notation Value 
7 Typical Xo 830.0 nm 
Wavelength : Ay 830.0 nm 
Design 
AQ 830.3 nm 
GL, Ly 3.75 mm 
: Focal length = — —_— 
Initial GL, L2 4 1.70 mm 
Thickness dy 1.00 mm 
Substrate t—————— : 
Refractive index n 151 
Distance between substrates | dy 1.25 mm 
? GL, NA, 0.3 
Numerical Aperture 
GL, NA2 0.5 
Dependent q GL, F 434—872/mm 
Spatial frequency range ba 
GL, hi 512-1 047/mm 
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NA, = 0.3 NA, = 0.5 


Fig. 7—Conventional in-line grating lens with numerical 
apertures of 0.3 and 0.5. 


and GL», the initial parameters must be set. 
The diameter of GL; can be calculated from 
NA, and L, (the numerical aperture and focal 
length of GL, ). NA2 (the numerical aperture of 
GL») is determined from the spatial frequency 
distrubutions. The designated NA, can be 
obtained by optimizing d, (the distance between 
the two substrates). The numerical aperture of 
the gratings was set to 0.3 and 0.5. The spatial 
frequencies in Table 1 represent the minimum 
and maximum values. 

Figure 6 shows the spatial frequency dis- 
tribution for GL; and GL). The spatial frequen- 
cies at the center of the concentric gratings have 
the minimum non-zero values, and are maximum 
at the peripheries. Figure 6 also shows the curve 
for the conventional in-line type grating lens 
shown in Fig. 7. The spatial frequency increases 
with the radius as it does in GL; and GL2, but 
the minimum spatial frequency is zero in the 
conventional grating. 


3. Performance of a chromatic aberration 
compensated grating lens system 

To find the wavelength bandwidth over 
which the aberration is negligible, the wavefront 
aberration of the grating lens system was calcu- 
lated using reconstruction wavelengths which 
were different from A; or A2. 

Figure 8 shows the calculated rms wavefront 
aberration for two examples designed using two 
pairs of wavelength: 

1) A, = 825.0 nm, A2 = 835.0 nm, and 
2) Ay = 830.0 nm, A> = 830.3 nm. 

The center of the reference sphere (or the 
focal point) used in the calculation of the 
aberration was held constant. Actually the 
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Fig. 8—Calculated rms wavefront aberration. 


A: grating lens system designed using wavelengths of 
825.0 nm and 835.0 nm. 

B: grating lens system designed using wavelengths of 
830.0 nm and 830.3 nm. 


focal length increases by 0.15 um for a 1 nm 
increase in the reconstruction wavelength. If 
the center is optimized to minimize the aberra- 
tion for each reconstruction wavelength, the 
acceptable wavelength range will become wider. 
The focal length change ratio in this case is 
very small compared with that of a conventional 
grating lens with a ratio of -6.3 uym/nm. The 
amount of aberration at each design wavelength 
is zero. In wave A, the rms wavefront aberration 
has a local maximum between the design wave- 
lengths. In wave B, because the design wave- 
lengths are very close, the curve looks parabolic, 
but the shape of the curve between A, and Az 
is like wave A. Marechal’s criterion (an rms 
wavefront aberration below 0.07) was used to 
define the wavelength bandwidth over which 
aberration was negligible. The bandwidth was 
at least +18 nm for wave A, and +15 nm for 
wave B. The wavelength tolerance of the con- 
ventional grating lens was 830 +0.25 nm (Fig. 8). 
Therefore, the acceptable wavelength range of 
the aberration compensated grating lens system 
with the specifications listed in Table 1 is at 
least sixty time wider than that of the conven- 
tional grating lens. 

The wavelength bandwidths of grating lens 
systems with various numerical apertures were 
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Fig. 9—Acceptable wavelength range as a function of 
NA 2 (numerical aperture of the second grating, 


b) Oblique view 


Fig. 10—Grating lenses made using electron beam 
lithography (SEM photographs). 
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calculated by changing NA» and by keeping 
NA, constant at 0.3. The grating system was 
designed for wavelengths of 830.0nm and 
830.3 nm. Figure 9 shows the calculated results. 
As NA» increases, the acceptable wavelength 
range decreases. The dashed curve shows a con- 
ventional grating lens with the same numerical 
aperture as our grating lens system. The chro- 
matic aberration compensated grating lens 
system has a much wider bandwidth than the 
conventional grating lens system. 


4. Experiment 

A chromatic aberration compensated grating 
lens system with the specifications listed in 
Table 1 was made, and its wavelength tolerance 
was examined. It was difficult to make a con- 
centric circular equiphase pattern with a spatial 
frequency distribution that gradually increased 
from the center to the edge by using holographic 
exposure. This was because of difficulties in 
using two recording beams with complex wave- 
fronts. Therefore, we used electron beam 
lithography. Polished optical quality glass (BK7) 
was used for substrates. A photoresist was 
spin-coated on the substrates, exposed to an 
electron beam, and then developed. Figure 10 
shows scanning electron microscope photo- 
graphs of the center of the grating. The con- 
centric fringes are dense near the center, which 
is quite different from conventional in-line 


grating lenses. 
Camera Video 
controller camera 
|. Microscope 


ND filter 
Monitor 


Objective lens 
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Spectrum 


Temperature 
controller 


SS 


Peltier heater 


Laser diode 


Fig. 11—Focused spot observation apparatus. 
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The two grating lenses, GL; and GL», were 
coaxially aligned, and their focusing ability 
was evaluated using a laser diode with a wave- 
length of 830.5 nm. Figure 11 shows the setup 
used to measure the focused spot size. A diverg- 
ing beam from the laser diode is collimated 
by a high quality lens with a numerical aperture 
of 0.3 and then divided into two by a beam 
splitter. The wavelength of the source is ob- 
tained by measuring the transmitted beam with 
a spectrum analyzer. The reflected beam from 
the beam splitter is focused on a diffraction- 
limited-size spot by an aberration free lens. 
The focal point is a 830.5 nm point source. 
GL,, GL», and the point source were aligned 
by microstages. 

The focused beam was observed using a 


microscope and a video camera. To vary the 
wavelength of the laser diode, its temperature 
was changed by a Peltier heater. 

Figure 12 shows photographs of the focused 
beam spots and laser diode spectra. The photo- 
graphs in a) show the spot and spectra of a 
conventional objective lens with a numerical 
aperture of 0.5. The photographs in b) and c) 
show those of the chromatic aberration com- 
pensated grating lens system. A single wave- 
length was used in a) and b), and multi-mode 
light (obtained by modulating the laser diode 
current by a high frequency signal) was used in 
c). In a) the diameter of the focused spot 


was 1.5 um along the major axis, and 1.3 um 
along the minor axis. In b) and c) the diameter 
was 1.9 um along the major axis and 1.6 um 


a) Conventional objecive lens b) New grating lens system with c) New grating lens system with 
with a single-mode light source a single-mode light source a multi-mode light source 
Objective lens Grating lens pair 
Spot diam 
(1/e?) 
Spot diam X: 1.3 (um) Ris NG Ae IG 
(1/e*) ¥s 15 ¥? 19 Y: 19 
Diode laser 
spectrum 
828 830 832 830 832 828 830 832 
Wavelength (nm) 


Fig. 12—Focused spot sizes and laser diode spectra. 
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Fig. 13—Beam focusing with single wavelengths of 
a) 835.7 nm, b) 838.5 nm, and c) 840.7 nm. 
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Fig. 14—Beam focusing using a multi-mode laser diode 
with various center wavelengths. 


along the minor axis. 

The spots focused by the grating lens system 
have small sidelobes, but these are only slightly 
larger than those produced by a conventional 
optical lens. The spot size is larger because of 
the light intensity distribution of the beam- 
crossing lens structure. A comparison between 
b) and c) shows that the grating lens can focus 
multi-mode light as well as single-mode light to 
a diffraction-limited-size spot. 

The wavelength of the laser diode was 
varied to determine the focusing ability of the 
grating lens system at different wavelengths. 
Figure 13 shows the focused spots obtained at 
single wavelength of a) 835.7 nm, b) 838.5 nm, 
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Fig. 15—Chromatic aberration compensation. The solid 
line shows the calculated beam diameters 
(minor axis) of the grating lens system. The 
dashed line shows the calculated beam diameters 
(minor axis) of a conventional grating lens. 
The circles are measurements. 


and c) 840.7 nm. The diameters of the spots 
were about equal to the ones shown in Figs. 12b) 
and c). Multi-mode light with different center 
wavelengths was then used to evaluate the 
chromatic aberration compensation. The spectra 
of multi-mode light had twelve or thirteen 
modes, and the bandwidth was about 5 nm 
(see Fig. 14). Again, the diameters of the focused 
spots were almost the same as those shown in 
Figs. 12b) and c). Two laser diodes with differ- 
ent typical wavelengths were used to determine 
the acceptable wavelength range. Figure 15 
shows the spot diameter vs. wavelength. The 
results show that the beam diameters remain 
constant for wavelengths between 827 nm and 
841 nm. In future work, we plan to measure 
the wavelength dependence at more widely 
separated wavelengths. 


5. Discussion 

The spots focused by the conventional 
optical lens with a 0.5 numerical aperture were 
1.5 um along the major axis and 1.3 wm along 
the minor axis. The spots formed by the 
grating lens system were 1.9m along the 
major axis and 1.6 um along the minor axis. 
These are slightly larger than those of a con- 
ventional lens. These differences are due to the 
light intensity distribution at the second grating, 
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Light intensity distribution 


a) Along the | 


X (minor) 
axis 


6.0 um 


Cross section including maximum 


Along X-axis 


1.5 wm 


b) Along the 
Y (major) 
axis 


Along Y-axis 


6.0 «wm — 
1.9 um 
Fig. 16—Calculated light intensity distribution on the focal plane. 
GL2, caused by the beam crossing between The chromatic aberration compensated 


GL; and GL». To check the validity of these 
results, the intensity distribution of the focused 
spot was calculated using the method proposed 
by Nowak and Zajac”). The intensity distribu- 
tion at GL was taken into account. Figure 16 
shows the relative intensity distribution on 
the focal plane. The difference between the 
diameters measured in the major axis (Y) and 
minor axis (X) are due to the elliptical intensity 
distribution of the diverging light emitted from 
a diode laser. The major and minor axes of the 
elliptical beam correspond to the minor and 
major axes of the focused spot. The calculated 
diameters are very close to the measured values, 
A more rigorous discussion of the beam focusing 
performance requires wavefront measurement. 
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grating lenses that were made using electron 
beam lithography were binary phase gratings 
(BPGs) with two phase levels. The maximum 
diffraction efficiency attainable with BPGs is 
about 41 percent. It is possible to increase 
the efficiency by increasing the number of 
phase levels. Micro-stages were used to align the 
new grating lens system and no special effort was 
needed for alignment. But it will be necessary 
to calculate the acceptable alignment error. 


6. Conclusion 

The design, fabrication, and wavelength 
tolerance of a chromatic aberration compen- 
sated grating lens system have been discussed. 
Our grating lens system had a wider bandwidth 
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than conventional inline grating lenses in terms 
of acceptable wavelength for aberration-free 
focusing. The focal length did not change with 
the wavelength of the light source. Calculations 
showed that a lens system with a 0.5 numerical 
aperture had a wide bandwidth (30nm _ or 
wider) and that the wavelength tolerance was at 
least sixty times larger than that of a conven- 
tional grating lens. 

The grating lens system was made using 
electron beam lithography. The spot size meas- 
urement showed that the chromatic aberration 
was compensated and that the focal length 
remained constant when the wavelength (or 
wavelengths in multi-mode) was varied. We 
expect this grating lens system to be used with 
laser diodes and wide wavelength bandwidth 
sources such as LEDs. 
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Expert System 
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This paper describes SVEX, which can automatically find errors in switching programs. 
SVEX can also generate service specifications from the programs for testers to confirm 
that the programs meet the original specifications. 

SVEX simulates switching on an object-oriented model of a target switching system. Logic 
errors are found by comparing the behavior of the model with the verification rules rep- 
resented by demons. State transition diagrams are generated by tracing the behavior of the 


model. 


SVEX has been applied to the development of Fujitsu’s digital PBXs. SVEX has found 72 
percent of all errors in logic, including some errors overlooked by the usual online testing. 


1. Introduction 
To develop highly reliable switching pro- 

grams efficiently, it is important to confirm 

precisely and quickly whether the switching 
programs meet the requirements. Since testing 
of switching programs is time consuming, 
efficient verification of the programs is in 
demand to reduce development cost. 
Verification of switching programs is usually 
done manually by online testing. A technician 
at a terminal checks the response of the system 
to confirm that the program is running correct- 
ly. The cost of present online testing is more 
than half of the total program development cost. 
This high cost is due to the following reasons: 

1) As the number of target switching systems 
and terminals for online testing are limited, 
programs to be tested form long queues. 

2) Because online testing uses a black box test 
which checks only the response of the 
system caused by terminal operation, implicit 
errors are often overlooked. If an illegal 
response is observed, it is difficult to analyze 
the cause. 

3) It is very difficult for a novice to select test 
items which cover all possible cases. The 
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program reliability after testing depends 

highly on the tester’s skill. 

An approach to solve these problems is to 
detect errors in the programs without using a 
real switching system. Syntax errors can be 
detected by a compiler. Errors which cannot be 
detected by a compliler are found by running 
programs on a simulator. To improve error 
detection, several tools such as visual debugger!? 
have been developed. Although the tools show 
the program’s behavior, they cannot select 
test items, find errors, or analyze their causes. 

SVEX?)?3) (switching program verification 
expert system) can simulate the behavior of the 
switching programs, cover all possible test items, 
find errors, and analyze their causes auto- 
matically. For simulation, a model reflecting a 
target switching system must be constructed. 
Using object-oriented methodology*? enables a 
flexible model to be constructed at low cost. 
For error detection and analysis, the authors 
applied two kinds of technology: demon??, 
which was developed to represent knowledge in 
artificial intelligence, and reverse engineering. 
The errors are found by comparing the behavior 
of the model with verification rules represented 
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by demons. State transition diagrams are used as 
service specifications and are generated in 
reverse from the programs by tracing the 
behavior of the model. This enables the pro- 
grammers to confirm that the developed 
programs meet the original service specifications. 

Errors in switching programs are classified in 
Chap. 2. The configuration of SVEX and the 
verification method are explained in Chap. 3. 
SVEX has been applied to the development of 
Fujitsu’s digital PBXs. The results are described 
in Chap. 4. To make SVEX practical, it must 
be maintained without degrading current 
performance. The authors are now developing 
maintenance support facilities, which are 
described in Chap.5. The concluding chapter 
summarizes the authors research and develop- 
ment and discusses future plans. 


2. Errors in switching programs 

SVEX verifies a kind of switching program, 
called call-processing programs, which consist of 
standardized program units called macroinstruc- 
tions. These programs analyze signals generated 
according to the user’s operations on tele- 
communication terminals and control hardware 
such as speech path networks, terminals, and 
trunks. It is necessary to verify that the pro- 
grams provide the service requested by the 
user, that switching hardware is correctly con- 
trolled, and that data such as office data, sub- 
scriber data, and call control data are correctly 
used. However, errors are inevitable because of 
misunderstanding of the specifications, design 
errors, and coding errors. 

We have divided errors into three classes: 
1) Syntax errors 

Syntax errors violate the programming 
language grammar. They are usually found by a 
compliler. 
2) Logic errors 

Logic errors violate the general rules which 
call-processing programs must follow and are 
independent of service specifications. Logic 
errors usually cause internal logical contra- 
dictions and catastrophic faults such as protocol 
deadlocks, and. inconsistencies between the 
transaction memory and hardware status. 
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Fig. 1—Configuration of SVEX. 


3) Service errors 

Even in the absence of syntax and logic 
errors, when programs don’t meet the original 
service specifications, service errors can exist. 
For example, the beep tone heard at a terminal 
or a lamp displayed on an attendance conosole 
may be inadequate. Traffic may be measured 
incorrectly. 

Since a compiler can find syntax errors, our 
objective is to achieve logic and service verifica- 
tion. 


3. Configuration and verification method 

Figure 1 shows the configuration of SVEX. 
It consists of four components: a model of the 
target switching system, a simulation controller, 
a logic verifier, and a service verified. 

The simulation controller reads_ call 
processing programs and simulates all possible 
situations of the model according to the input 
programs. The model checker (see Fig. 1) 
compares the model behavior with the verifica- 
tion rules. If it detects a logic error as a violation 
of the rules, it outputs an error message. The 
model tracer (see Fig. 1) traces the behavior of 
the model and outputs tracing results as service 
specifications for the programmers to point out 
service errors. Implementation of these com- 
ponents are described in the following sections. 


3.1 Object-oriented model of the switching 
system 
The model of the switching system is made 
by using a set of objects. Each object corre- 
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Fig. 2—Hierarchical structure of objects constructing 
model. 


sponds to a component of the target switching 
system, such as a terminal controller, which con- 
trols user terminals, trunks, an attendance 
console, a speech path network, and transaction 
memory. 

When a macroinstruction of the call- 
processing program is executed on a component, 
the component causes a state transition and 
generates output signals. In the model, the state 
of a component represented by _ instance 
variable of the object and the functions of 
macroinstructions are represented by methods 
which updatae instance variables. 

There are common macroinstructions and 
specific macroinstructions for each terminal 
controller. The methods corresponding to 
common macroinstructions are written in a 
superclass of the objects. Figure 2 shows the 
hierarchical structure of objects constructing 
the model. Using this hierarchical structure, 
when a new type of terminal and a new terminal 
controller are added, a new object is defined as a 
subclass of the common object and write 
methods which simulate specific macro- 
instructions for the new terminal controller. 
Similarly, basic methods used in all objects in 
common are written at the top level object. 


3.2 Simulation control by reachability tree 
analysis 
The simulation controller reads and parses 
the source code of call-processing programs. It 
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checks whether the values for parameters of 

macroinstructions are in the range defined by 

the specifications for the macroinstructions. 

If it finds a parameter error, it outputs an error 

message. 

To verify a switching program as completely 
as possible, all possible behavior of the switching 
system must be simulated using the model. The 
basic behavior of the switching system is as 
follows. While the switching system is stable, the 
call processing program’ supervises events 
generated by terminal controllers. When _ it 
detects an event, it executes the sequence of 
macroinstructions and changes the switching 
system into another stable state. 

The switching system controlled by the call- 
processing programs is generally regarded as 
a finite state machine. Therefore, a reachability 
tree analysis®? is applicable. The simulation con- 
troller controls simulation according to the 
following algorithm to obtain all possible system 
states. 

1) Initialize the instance variables of objects 
corresponding to the initial system state. 

2) Examine which events can be generated by 
terminal controllers in the system state. 

3) Execute the following steps as sequences of 
macroinstructions following all events which 
are generated. 

i) Invoke methods corresponding to macro- 

instructions in the sequence. 

ii) Update instance variables by executing 
the methods. 

iii) After executing all methods in the 
sequence, if there is a state equal to the 
current state in the list of states, stop the 
processing. Otherwise, add the current 
state to the list and go to step 2). 


3.3 Logic verification by demons”? 

Logic errors are found by comparing the 
behavior of the model with the formalized 
verification rules. To change and add verification 
rules, verification rules are represented by 
demons individually. 

The general form of a demon is as follows: 
(DEMON (demon name) 

((parameter list >) 
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Fig. 3—Logic verification by demons. 


((pattern to be supervised )) 

(<condition to execute action)) 

(action )) 

The method of verification using demons is 
as follows. 

When the model checker (see Fig. 1) com- 
pares the instance variables of the objects with 
the pattern of the demon to be supervised 
(referred to below as the pattern), if there is a 
match, control is immediately transferred to 
the demon which has the matched pattern, the 
demon examines the condition to execute 
action, and if the condition is satisfied the 
action is executed. 

Whenever an instance variable of an object 
is updated, the patterns of all demons are com- 
pared with the instance variables. This method 
can deal with any form of demon, but is very 
inefficient because much time is spent com- 
paring all the demons, and the conditions to 
execute action must be detailed to prevent 
other actions of demons from being executed. 

To control demons efficiently, the number 
of comparisons between the patterns and 
instance variables is minimized by using the 
following two methods. 

1) Control of demons by their scope 

Demons are divided into groups according to 
their supervising objects. When an _ instance 
variable in an object is updated, the only 
demons which supervise the object are compared 
with the instance variable. 

2) Control of demons by their lifetime 
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ERR163 
Position : line 866. 
Explanation : PB reciever is not driven at end of 
transition. Nevertheless it is hunted 
at line 860. 
Cause : not to send a drive order to PB 
receiver. 


Debugging : adda drive order “%RPROD 


TOPBCR, C6” 
to SP order part. 


ERR135 
Position : from line 953 to 972. 
Explanation : macroinstructions are nonexecutable. 
Cause : LC cannot generate EVENT LNHK. 
Debugging =: change line 923 order into 
“%RPROD ODSPON, C1, HKN” 


Fig. 4—Examples of logic verification results. 


The demons are activated and deactivated 
according to the order of the pattern appearance. 
The pattern of a demon which supervises the 
first pattern appearing is compared initially. 
When the first pattern appearing is found, the 
demon executes its action, activates the next 
demon for the next pattern appearing, and the 
first demon is deactivated. Using this method, 
only demons that are useful at the time 
supervise the objects. 

Figure 3 explains the error detection and 
analysis of the causes of errors. A demon which 
supervises the causes of errors is activated. When 
the cause of an error is found, the demon acti- 
vates the next demon for the next error pattern 
appearing. If the next demon finds the error pat- 
tern, it outputs an error message with the cause. 

Figure 4 shows examples of logic verification 
results obtained by demons. The logic verifica- 
tion results include positions where errors 
occurred, explanation of errors, causes of errors, 
and advice for debugging. 


3.4 Service verification by generating service 
specifications 
If complete service specifications are de- 
scribed formally, the service errors can be found 
automatically. However, it is difficult to define 
service specifications completely including 
exceptional sequences at an early phase of the 
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Fig. 6—Example of the state table. 
practical switching program development 
process. 


As a practical solution for detecting the 
service errors, SVEX generates service specifica- 
tions based on state transitions from the 
programs to be verified. Comparing the gener- 
ated specifications with the original specifica- 
tions, the programmer then confirms that 
the program meets the original specifications. 

SVEX outputs two types of state transition 
diagrams, a transition-oriented one _ called 
a transition chart and a state-oriented one called 
a state table. 

The transition charts show the processing 
summary of each transition. Figure 5 shows 
an example of the transition charts which SVEX 
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Table 1. Verification items of SVEX 


SS SSE EE SS See 
Verification Function 


Protocol between processors 
(Deadlock, unspecified receptions, 
nonexecutable transitions) 

Order of macroinstructions 

Consistency between memory 
operation and hardware operation 


Logic 


Speech path network connections 
Terminal indications 

Digits receiving and sending 
Timing processing 

Charging processing 

Traffic measurement 


Service 


Table 2. Evaluation results 


Item Capacity 


Applied program size 146-Kstep 
Total processing CPU time llh 
Logic verification performance 72 percent 


Logic verification reliability 


76 percent 


outputs. 

The state tables show the details of each 
system state, such as speech path network 
connection patterns, status of transaction 
memory, and terminal indications. When a new 
element, for example a new type of terminal, is 
added to the switching system, the item must be 
shown on the state table. SVEX formats items 
in the state table according to the data which 
can be re-defined. Figure 6 shows an example of 
the state tables which SVEX outputs. 


4. Evaluation 

SVEX is implemented on a FACOM M series 
mainframe computer. About 150 demons and 
20 objects are currently installed. The system 
is written in LISP. Table 1 shows the SVEX 
verification items. 

SVEX has been applied to the development 
of Fujitsu’s digital PBXs. SVEX verifies the call- 
processing programs before online testing. The 
evaluation results are listed in Table 2. The logic 
verification performance is the percentage of 
logic errors found by SVEX of the total errors 
including errors found by online testing. Logic 
verification reliability is the percentage of 
correct error messages. 
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There were two types of logic errors which 
were missed by SVEX and found by online 
testing. These were errors missed by demons and 
errors missed by the model. The errors missed 
by demons could have been found by SVEX if 
the required demons had been added beforehand. 
The errors missed by the model cause illegal 
behavior out of the modeling range. However, 
it is too costly to enhance the model to find 
some of these errors which are found by online 
testing easily. The proper modeling range should 
be selected by carefully considering both 
verification performance and model construc- 
tion costs. If the model and the demons had 
been maintained in advance, the logic verifica- 
tion performance is estimated to have been more 
than 90 percent. 

Incorrect error messages were caused by 
exceptions of demons and modification of the 
target system. They should have been removed 
by updating the model and demons. 

SVEX detected errors overlooked during 
online testing in the programs which wére made 
by adding some steps to old programs. These 
errors include those which are not errors in the 
present program, but that will become errors in 
the future if the program is enhanced or 
modified. 


5. Maintenance support facilities 

According to the evaluation results, it is 
necessary to maintain the model and the demons 
so that SVEX can be used without degrading its 
performance. The authors are now developing 
maintenance support facilities for the model and 
demons. Information which is necessary to 
maintain them can be taken from the documents 
which are produced in the call-processing 
programs development process. 

The documents stored in a data base should 
be formalized sufficiently to enable them to be 
translated into the model and demons. The 
methods of objects in the model are made by 
translating the descriptions of the documents 
which specifies the function of the macro- 
instructions. The descriptions are formally 
represented by a set of predetermined primitive 
switching functions. Demons are obtained by 
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translating the descriptions of how to use the 
macroinstructions. Some types of templates 
are prepared so that demons may be written 
easily. 

The use of multiwindows on a workstation 
makes the document data base easier to access. 
Because the data base is constructed based on 
hypertext’? , related documents can be refer- 
enced by link traversing. Consistency between 
documents which are linked by the special type 
of links are checked automatically. By using this 
mechanism, synchronous updating between 
documents and SVEX is confirmed. 


6. Conclusion 

SVEX can automatically find errors in call- 
processing programs. SVEX can also generate 
service specifications from the programs 
in reverse. The verification is performed by 
simulation based on the object oriented model 
of the switching system and AI technology. 

SVEX was applied to the development of 
Fujitsu’s digital PBXs. It is confirmed that 
SVEX is useful in the development of reliable 
switching programs. 

To continue its use without degrading 
performance, maintenance of SVEX along with 
target modification is necessary. The authors are 
now developing the maintenance support 
facilities, in which design information including 
expertise is represented formally, stored in a 
data base, and the consistency between them is 
confirmed. 

If such a development environment is con- 
structed, it will be possible to develop other 
powerful automatic tools which can accelerate 
software development®? ; 
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Compact Three-Axis 


Accelerometer System (CTAS) 
for Microgravity Experiments 
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The measurement of the acceleration environment in microgravity experiments is very 


important. Conventional accelerometer systems, however, are too large and bulky for 
microgravity experiments. A microcomputer-based compact system that uses a static 
memory IC module for data storage was developed. The system’s servo accelerometers 
ensure its accuracy and reliability. Usefulness of the system was verified in a microgravity 
experiment on-board NASA’s KC-135, which is designed for parabolic flight. 


1. Introduction 

Scientific experiments in microgravity have 
become more common because of the progress 
achieved in space technology. Craft such as 
the space shuttle have made possible several 
microgravity experiments related to life sciences, 
materials processing, and the study of basic 
physical phenomena”. 

In microgravity, there is no convection 
or precipitation such as that occurring in gravity 
due to density differences in liquid phases. 
The unique environment microgravity provides 
is expected to enable new materials to be 
developed, and as yet unknown phenomena 
to be discovered. 

The measurement of gravitational accelera- 
tion in microgravity experiments is important 
in determining the results of experiments”, 
especially in quantitative analysis. However, 
conventional accelerometer systems are too 
large and bulky for use in launch payloads. 
This is because most systems use magnetic 
tape or disks as the data recording media, and 
therefore contain heavy mechanical drives. 
Moreover, mechanical drives tend to generate 
vibrations causing perturbations in microgravity. 
Such recording systems are also too sensitive 
to withstand the shock and vibration of space 
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vehicle launching and landing. 

We developed a compact three-axis accler- 
ometer system (CTAS) that uses a memory 
cassette to store data. To verify the CTAS 
operation, we used it in microgravity experi- 
ments on-board aircraft designed for parabolic 
flight. 


2. CTAS structure 

2.1 Requirements 
The CTAS had to meet the following re- 

quirements: 

1) Compact light-weight structure that meets 
restrictions in payload size 

2) Low power consumption to conserve energy 

3) Wide measurement range 

4) Ability to withstand the mechanical shock 
and vibration of launching and landing. 


2.2 Hardware design 
To meet the above requirements, we decided 

the following: 

1) The experiment payload will only consist 
of equipment for the collection and record- 
ing of acceleration data. Data will be read 
and processed after the experiment has been 
completed (possibly on the ground). 

2) No mechanical moving parts will be used 
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Fig. 1—CTAS block diagram. 


in the data recording media. 

Based on the above, we designed the CTAS 
in three functional blocks (see Fig. 1). 

2.2.1 Acceleration sensor block 

Japanese Aviation Electronics Industry’s 
JA-5V servo accelerometers were used because 
they provide highly precise measurement in 
microgravity. These accelerometers usually have 
a resolution of 1 uG and the ability to detect 
both vibration and static change in acceleration. 
In addition, they have a measurement range of 
up to 20G. The system can also be used to 
measure the shock and hyper gravity of a space 
vehicle launching. 

The three accelerometers are arranged 
orthogonally. Output voltage signals are pro- 
portional to acceleration and are sent directly 
to the measuring control unit. 

Calibration of the sensors was carried 
out by settling the sensors parallel (0G) and 
perpendicular (+1 G) to the ground. The calibra- 
tion data was input to the computer file to 
calculate the acceleration value from the voltage 
signal after completion of the experiment. 

2.2.2 Measuring control unit (MCU) 

The (MCU) is microcomputer-based. It 
collects and stores acceleration data as binary 
digital data. The MCU use the MBL6809 8-bit 
microprocessor. 
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Table 1. CTAS specification 


Item Specifications 
Maximum range i | +10G 
Resolution 10 uG 
Sampling rate 10-100 ms 
Memory cassette capacity 128 Kbyte 
Measurement time 

(dependent on sampling 210-2 100s 
rate) per memory cassette 
Power consumption 7.2 VDC,8W 
Size of MCU 180 (/) x 120 (b) x 120 (h), 
mm 
Maximum weight 3.0 kg 


Fig. 2—Prototype CTAS. 


This device does the following: 
1) Optimizes the amplification of the acceler- 

ometer signal. 
2) Generates sample timing signals. 
3) Controls the storage of data in the memory 

cassette. 
4) Display the CTAS status. 

The MCU runs for one hour on a 7.2 V, 
1 200 mAh Ni-Cd battery module. 

2.2.3 Memory cassette 

The memory cassette used to record data 
consists of four 256-Kbit static RAM ICs backed 
up by a lithium battery. This system serves 
as a pseudo non-volatile memory. The cassette 
prototype has a capacity of 128 Kbytes, 
enabling it to record acceleration changes for 
up to 2100s at a 100-ms sampling rate. 

The cassette is connected to the MCU by 
a multiprong connector. After measurement 
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data has been collected and stored, the cassette 
data is processed by a _ personal computer 
through an interface circuit. This enables 
different types of data processing, for example, 
graph drawing and statistical calculation. 

The memory cassette’s size greatly reduces 
the system’s size and weight. The memory 
cassette also records data reliably during high 
and low acceleration. The system’s low power 
consumption enables it to run on its own 
battery. 

Table 1 gives the CTAS specifications. The 
prototype CTAS is shown in Fig. 2. 


3. Experiments in microgravity 
3.1 KC-135 designed for parabolic flight 
NASA’s KC-135* Weightless Wonder IV 


(see Fig. 3) is a specialized plane used in para- 
bolic flight to produce microgravity. Figure 4 
shows the flight trajectory and shows that 
each parabola provides 20 s of microgravity. 


3.2 Results of the acceleration measurement 

3.2.1 Acceleration change during parabolic 

flight 

The CTAS was put in an experiment module 
on-board the KC-135. Figure 5 shows typical 
acceleration changes in the KC-135 during 
its parabolic flight. This data was collected 
with the module fixed to the floor of the 
KC-135. At the beginning of the parabola, 
the gravity was 1.8 G along the Z axis (perpen- 
dicular to the floor). When the engine thrust 
was reduced, a low gravity state was reached 
within 3 s. This state lasted for 20s. After the 
microgravity state, a gravity of 1.8G was 
reached in the last part of the parabola. 

Along the Y axis (aircraft nose-to-tail axis), 
the acceleration was about 0.2 G at the begin- 
ning of the parabola. When the engine thrust 
was reduced, a low gravity state similar to that 
reached in the Z axis was reached in the Y axis. 

Data for the Y and Z axes changes markedly 
during parabolic flight, but data for the X axis 
(parallel to the wings) changes little. 

Thus, the CTAS provides precise accelera- 
tion data in high and low gravity. 
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3.2.2 Measurement during free-floating 

The microgravity provided by the KC-135 
leaves something to be desired. As shown in 
Fig. 5, vibration and acceleration remained 


Altitude (m) 


Time (s) 


Fig. 4—KC-135 trajectory. 


Acceleration (G) 


Time (s) 


Fig. 5—Acceleration change during parabolic flight 
(X-axis: Parallel to wings, Y-axis: Aircraft nose- 
to-tail axis, and Z-axis: Perpendicular to aircraft 
floor). 
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Fig. 6—Comparison of acceleration data 
(Sampling rate: 33.3 ms). 
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Fig. 7—Distribution of acceleration data 
(Sampling rate: 33.3 ms). 


as fluctuation components. This fluctuation 
is due to engine vibration and deviation from 
the ideal parabolic trajectory. The microgravity 
in space is almost zero, and this is needed 
to eliminate fluctuation in parabolic flight. 

To improve the microgravity environment, 
we tried making the experiment module free- 
floating. Figure 6 shows the acceleration change 
of the free-floating module (solid line), and that 
of the fixed module (broken line). Vibration 
and 20-30 mG gravity can be observed in the 
fixed module, but by free-floating the module, 
the acceleration change was reduced to almost 
zero. The large changes in acceleration in the 
free-floating module are caused by the module 
being supported by hand. 
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The differences become clearer after 
statistical analysis. The histogram in Fig. 7 
plots data for each division of acceleration 
and shows that the distribution definitely 
differs. Clearly, the acceleration environment 
can be improved by free-floating the experiment 
module. 

CTAS enables the measurement of accelera- 
tion during free-floating. Its unique data record- 
ing media, (the memory cassette), greatly reduce 
the system size and weight. Moreover, highly 
accurate measurement using servo  acceler- 
ometers was verified in the free-floating experi- 
ment. 


4. Conclusion 

We have developed a compact three-axis 
accelerometer system and verified its operation. 
This system runs on batteries. Its low size, 
weight, and power consumption make it suitable 
for microgravity experiments on-board an 
aircraft or space vehicle. We are now improving 
the safety of the CTAS for use in space experi- 
ments. 


References 

1) DeLucas, L.J., Suddath, F.L., Snyder, R., Naumann, 
R., Broom, M.B., Pusey, M., Yost, V., Herren, B., 
Carter, D., Nelson, B., Meeham, E.J., McPherson, 
A., and Bugg, C.E.: Preliminary Investigations of 
Protein Crystal Growth Using the Space Shuttle. 
J. Cryst. Growth, 76, pp. 681-693 (1986). 

2) Feuerbacher, B., Hamacher, H., and Jirg, R.: Analy- 
sis of Microgravity Measurement on D1.IAF-87-395, 
(1987). 

3) NASA: JSC Reduced Gravity Aircraft User’s Guide. 
NASA Johnson Space Center, Houston, Tex., 
(1981). 


Fumio Takei 


Organic Materials Laboratory 
FUJITSU LABORATORIES, ATSUGI 
Bachelor of Applied Chemistry 

Tokyo Metropolitan University, 1982 
Master of Polymer Science 

Tokyo Metropolitan University, 1984 
Specializing in Chemistry 


FUJITSU Sci. Tech. J., 25, 4, (January 1990) 


UDC 621.3.049.77.022 


Soft X-Ray Lithography Using 
Synchrotron Radiation 


@ Yoshimi Yamashita @ Syunji Gotoh @ Hidetoshi Ishiwari 


(Manuscript received September 14, 1989) 


The BL-17C beamline was constructed for soft X-ray lithography at the Photon Factory of 
the National Laboratory for High Energy Physics. Research on the fundamental character- 
istics of pattern replication has been conducted using the beamline. 

This report describes replicated resist pattern profiles and pattern replication accuracy. 
A method of accuracy evaluation was proposed and the exposure conditions necessary for 
accurate replication using positive resist (CMR) were obtained. 

These results indicated a fair possibility of high replication accuracy in sub quarter-micron 


patterns. 


1. Introduction 

Microfabrication technology in VLSIs is 
continuously advancing. If the current rate of 
advance is projected, VLSI device patterns will 
reach quarter-micron size within several years. 

For the fabrication of such device patterns, 
soft X-ray lithography using synchrotron radia- 
tion (SR) is a promising technology because of 
its high brightness, high intensity, and collima- 
tion. The SR emitted from an electron storage 
ring has a broad continuous spectrum ranging 
from X-ray to infrared. In soft X-ray lithography, 
the region between 0.4 nm to 1.5 nm is used. 

We constructed the BL-17C beamline for 
soft X-ray lithography at the Photon Factory of 
the National Laboratory for High Energy 
Physics. This beamline accepts SR emitted from 
a bending magnet B17 at the 2.5 GeV ring. 
An SR _ spectrum measurement system for 
measuring X-rays scattered by helium (He) gas 
was developed. 

The BL-17C beamline has double quartz 
mirrors with a variable glancing angle and 
a 200 um-thick beryllium (Be) window. The 
wavelength distribution of X-rays emitted 
through the Be window is set by adjusting 
the glancing angle of the double mirror. 

This system was used to determine the 
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optimum conditions and configuration of the 
beamline for soft X-ray lithography. In replica- 
tion experiments, the dependence of mask 
contrast and resist profile on wavelength was 
obtained. The dependence of the replicated 
pattern accuracy on the glancing angle and 
proximity gap was also investigated. 

These results will greatly assist in the future 
development of soft X-ray lithography using SR. 


2. Optics of the beamline BL-17C 
2.1 Beamline 

BL-17C is a branch beamline for X-ray 
lithography. Figure 1 is a schematic drawing 
of the beamline. To obtain a photon energy 
region suitable for X-ray lithography, we used 
a double mirror (two parallel mirrors) to remove 
high energy photons and a Be window to remove 
low energy photons. 

The cutoff energies can be changed by 
changing the material and glancing angle of the 
mirrors and by changing the Be window thick- 
ness. Fused quartz mirrors were used in this 
experiment. By using two parallel mirrors, 
the reflected beam can be made to fall on the 
same position on the target even if the glancing 
angle is changed. 
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Fig. 1—Schematic drawing of the branch beam line BI-17C. 
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Fig. 2—Spectra of SR reflected by two quartz mirrors 
and passed through a 200 uwm-thick Be window. 


2.2 SR spectrum measurement 

To evaluate the optical characteristics of 
the beamline, the SR spectrum was measured. 
We developed a method to measure the SR 
spectrum that passed through the beamline. 
This method uses He gas scattering and an 
energy-dispersive Si (Li) detector”. Under a ring 
current of 200 mA, the photon flux at the end 
of the beamline reaches 10!? photon/s. It is, 
however, not possible to count such a high 
intensity of photons because the Si (Li) detector 
is limited to a few thousand count/s, Therefore, 
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we measured the reduced intensity of X-rays 
scattered by He gas at 1 atm and estimated the 
SR spectrum using He gas scattering theory. 

We measured the SR spectra at the end of 
the beamline). The solid curves in Fig. 2 show 
the measured spectra of SR that passed through 
a 200 ym-thick Be window after being reflected 
by the double mirror. The glancing angle of the 
mirrors was set to 8-, 10-, and 12-mrad. The 
dashed curves were obtained from a calculation 
that takes into account the reflection at the 
double mirror and absorption in the Be window. 
These results agree very well with the measured 
spectra. The critical energy at which the incident 
X-rays are totally reflected decreases as the 
glancing angle increases. The cut off at about 
2 keV is due to absorption by the Be window. 


3. Replication experiment 
3.1 Mask and equipment 

The structure of the X-ray mask at each 
fabrication step is shown in Fig. 3. The mask 
consists of a 0.65 wm-thick tantalum (Ta) 
absorber on a 2 um-thick silicon nitride (SiN) 
membrane. Ta patterns including a 0.2 wm line 
and space were defined by reactive ion etching 
(RIE). After Ta etching, a silicon back etching 
process was used to form a SiN membrane 
window. A photograph of the X-ray mask is 


FUJITSU Sci. Tech. J., 25, 4, (January 1990) 


Ta 0.65 wm 


Led 


a) Absorber deposition 


RIE: Reactive ion etching 


Ta pattern 


Ta RIE 


b) Absorber etching 


M7 


SiN membrane 
c) Silicon back etching 


Fig. 3—Structure and fabrication steps of X-ray mask. 


Fig. 4—Photograph of X-ray mask (76.2 mm dia). 


shown in Fig. 4. This mask has a 25 x 25mm? 
SiN membrane window in a 76.2 mm dia silicon 
wafer substrate. 

The equipment for the replication experi- 


FUJITSU Sci. Tech. J., 25, 4 (January 1990) 


Y. Yamashita et al.: Soft X-Ray Lithography... 


Beamline 


Fig. 5—Photograph of equipment for the replication 
experiment. 


ments is shown in Fig.5. This equipment 
was fixed behind the Be window. It consists 
of a He chamber that protects the Be window 
against erosion, a connecting bellows, and an 
exposure chamber on a_ moving stage. To 
control the gas environment, this exposure 
chamber has a vacuum line and a gas line. The 
distance between the He chamber and mask 
is about 330 mm. 


3.2 Exposure characteristics 

A positive resist of 0.5 um-thick polyfluoro 
methacrylate (Daikin, FBM-120) was used in the 
experiment. Resist films were spin-coated on Si 
wafers and prebaked at 140°C for 30 min. 

The critical exposure time, defined as the 
minimum exposure time necessary to complete- 
ly remove the resist in development, was 
measured at different spectra by changing the 
glancing angle of the mirrors. The resist was 
developed at 23°C for 90s in 0.7 percent 
methyl isobuthyl ketone (MIBK) diluted with 
isopropyl alcohol (IPA). 

The results are summarized in Table 1. In 
this paper, we have defined a dose as the 
product of the beam current /(A) in the storage 
ring and the exposure time ¢ (s). This minimum 
I x t product required to completely remove the 
resist is referred to as the critical dose. Because 
the exposure level under the Ta absorber 
decreases due to larger absorption, the critical 
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dose increases for the Ta region. The mask 
contrast, defined as the ratio of transmitted 
doses under the SiN membrane to that under the 
Ta absorber, was obtained experimentally as 
the inverse of the ratio of critical doses in these 
two regions. 

Table 1 shows‘that the critical dose and the 
mask contrast increase as the glancing angle 
increases from 8 mrad to 12 mrad. The experi- 
mental results of mask contrast agree with 
calculations based on absorption by the Ta 
absorber. 


3.3 Effect of exposure conditions on pattern 

profile 

We used 5 wm-thick crosslinked polymethyl 
methacrylate resist (CMR) to investigate the 
resist pattern profile. Resist films were spin- 
coated on Si wafers and prebaked at 200 °C for 
270 s. Development was mainly performed in 
MIBK at 23 °C for 120s. 


Table 1. Wavelength peak, critical dose under the SiN 
membrane, and contrast for various glancing 
angles 


Glancing angle (mrad) | 8 10 jhe) 


Wavelength peak A, (nm) 0.35 | 0.42 | 0.50 
Critical dose (Avs) [~0.3 ia | 3H 
Experiment i~4 ~10 ~18 


f 
f 


a) Air b) Nitrogen gas 


SEM photograph of replicated patterns 
exposed in air are shown in Fig. 6. The rep- 
licated resist patterns have negative tapering 
at the upper corner and under-cutting at the 
bottom corner. These pattern profiles have a bad 
influence on mask pattern replication. The 
under-cut profile above the silicon substrate 
is caused by Auger electrons from the sub- 
strate?” However, the cause of the negative 
tapering at the upper corner remains unknown. 


’ aHRaD TAC1.5> SHIN 


Ls 
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Fig. 6—Cross sectional SEM photomicrograph of a 
replicated resist pattern exposed in air. 


c) Helium gas 


d) Vacuum 


Fig. 7—Cross sectional profile of replicated resist patterns exposed in various environments. 
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Because the efficiency of emitting Auger 
electrons is smaller in chloromethylated poly- 
styrene (CMS) than in Si, we inserted a 0.8 ym- 
thick resist between the CMR and Si substrate 
to eliminate Auger electrons. The CMS was 
hardened by UV exposure for 10 min before 
the CMR was coated. The results for exposures 
in a) air, b) nitrogen (N,) gas, c) He gas, and 
d) vacuum are shown in Fig. 7. 

These profiles have no under-cutting, which 
suggests that the under-cutting of the Si sub- 
strate was caused by Auger electrons. A negative 
taper of the upper corner was only observed 
in the sample exposed in air. The cause of these 
taper profiles may be diffusion of oxygen. 
The measured dissolution rates of CMR exposed 
in N, and air were 240 nm/min and 75 nm/min 
at 1lOmrad and 100A‘s_ respectively. This 
indicates that a low dissolution layer is formed 
in air. 

In Fig. 6, the negative taper depth is defined 
as Td. If the taper is caused by diffusion of 
oxygen, Td will change with exposure time and 
oxygen density. 

The general diffusion equation is given by 


z x 
A) a SS ae sige a (Cll) 


where x is the distance from the surface, 
No is the surface oxygen density at atmospheric 
pressure, 7 is the density at x, ¢ is the diffusion 
time and D is the diffusion coefficient. (D is 
constant at room temperature.) 

The negative taper depth Td, at atmospheric 
pressure is derived as 


nj 
Tdy = 2/D:t erfc™* (|) 


where nj; is the density at x = Tdo. Tdo in 
Equation (2) is proportional to t'”. 

If the pressure P differs from atmospheric 
pressure Py, the surface density n, changes so 
that 


ny =Prno, Pawn eae een) 


33 (Z) 


FE 
where r is the pressure ratio —— . Then, Td at 
pressure P is given by ss 
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Ta (0.65 wm)/SiN (2.0 um) 
CMR 5 uwm/Si substrate 
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on 
a 


Fig. 8—Negative taper depth 7d for various pressures and 
times. 


{e) 
O PMMA 


Calculated 
m = 10 


l 
Td =.2/ D-t erfc™! ee = Ve eho) 
No 
where m = is constant. 


So, the relative change of Td caused by 
a decrease in pressure is given by 


1 
erte > (——) 
r-m 
4 1 
ero) (—=) 
m 


where m is operated as a fitting parameter. 
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To confirm the diffusion effect of oxygen, 
it is necessary to know the relationship between 
Td, t, and no. 

In an experiment to determine this relation- 
ship, the oxygen density was decreased by 
lowering the pressure of the exposure chamber, 
and the exposure time was varied by changing 
the glancing angle of the mirrors. The results are 
shown in Figs. 8 and 9. 

Figure 8 shows that the relationship between 
Td and t'/? is proportional at pressures from 
250 mbar to atmospheric pressure. 

In Fig. 9, the points shown by the shaded 
circles for CMR were obtained experimentally 
at ¢/? =5, and agreed well with calculated 
values when m was assumed to be ten. From 
Figs. 8 and 9, the negative taper depth Td was 
found to depend on diffusion of oxygen. 

Using m = 10, the diffusion coefficient D is 
obtained by 

Td,? 
D= Caan s ~ | be cees (6) 
4t {erfc (i 


and was calculated to be 4x 107? wm?/min. 
The diffusion coefficient for polymethyl 
methacrylate (PMMA) was the same as that for 
CMR. 

Therefore, He and N, are desirable environ- 
ments for precise pattern replication on CMR 
and PMMA by soft X-ray lithography. O, less 
than two percent is permitted in the atmos- 
phere. 

An example of a replicated resist pattern 
made using 3 wm-thick CMR in 1 atm He at 
a glancing angle of 10 mrad and a proximity 
gap of 30 um is shown in Fig. 10. 


3.4 Pattern replication accuracy 

The pattern replication accuracy depends 
on the exposure dose, X-ray spectrum, and 
proximity gap”. 

At first, we examined the influence of 
exposure dose on pattern replication accuracy. 
Pattern accuracy was defined as the deviation 
of replicated resist pattern width (Wr) from the 
mask pattern width (Wm). 
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‘oem 
lum 
Fig. 10—High aspect 0.4 wm line and space patterns 
replicated into 3 wm-thick CMR using 10 mrad, 
30 um-gap, and He gas exposure. 


Angle: 12mrad CMR: 0.5 4m 
Gap: 33ym CMS: 0.8 um 


Replicated pattern width, Wy (um) 


0 0.5 1.0 
Mask pattern width, Wm (um) 


Fig. 11—Replicated resist pattern width of 0.5 wm-thick 
CMR for various mask pattern widths. 


The resist used to evaluate the accuracy was 
0.5 uym-thick CMR on 0.8 um-thick CMS. The 
UV exposure described in Sec. 3.3 was used. 
Using a typical glancing angle of 12 mrad and 
a promixity gap of 33 ym, the relationship 
between Wm and Wr at different doses was 
examined in detail. The results are shown in 
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Fig. 12—Pattern width fluctuation coefficient vs. glancing 
angle of mirrors and proximity gap. 


X20.0K 1.26 


Fig. 13—0.2 um line and space patterns replicated into 
1 wm-thick CMR using 10 mrad, 30-um gap, 
and He gas exposure. 


Fig. 11. The dose was varied between 71 A:-s and 
141 A-s for exposures in atmospheric He. 

The Wm — Wr plot shows straight lines of 
spole 1 with a parallel shift for different doses. 
The degree of shift is nearly proportional to the 
logarithm of the dose difference. This can be 
approximated by the following equation 


D 
Wr = Wm — @ log) 
where D is the actual dose, Dg is the optimum 


dose for Wr = Wm, ais the pattern width fluctu- 
ation coefficient which represents a sensitivity 
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of the pattern width to dose fluctuation. a was 
calculated to be ~0.3. 

We expected a to depend on the exposure 
conditions, the glancing angle of the mirrors 
(wavelength), and the proximity gap. In short, 
mask contrast and X-ray diffractions have an 
effect on the surface exposure intensity distribu- 
tion of the CMR resist surface. 

We then investigated the dependence of a. 
The results are shown in Fig. 12. The proximity 
gap was varied between 5 wm and 200 wm for 
three glancing angles: 8-, 10-, and 12-mrad. The 
results show that a decreases when the promixi- 
ty gap decreases or the glancing angle increases. 

A figure of a< 0.3 was obtained at a gap 
of less than 30 wm and a glancing angle larger 
than 10 mrad. When a=0.3, a dose fluctuation 
of b, = 1.17 can be permitted for a pattern 


width deviation of Wm — Wr = 0.02 um from 
Equation (7). An example of a 1.0 ym-thick, 
0.2 um line and space CMR pattern replicated at 
10 mrad and 30 um is shown in Fig. 13. 


4. Conclusion 
We constructed the BL-17C beamline for 

soft X-ray lithography experiments at the 

Photon Factory of the National Laboratory for 

High Energy Physics. We developed a method to 

measure the SR spectrum by He scattering. The 

fundamental characteristics of soft X-ray 
lithography using SR have been investigated 
using a spectrum measurement system. 

Mask contrast, replicated resist profile, and 
replication accuracy were investigated for 
various exposure conditions. 

The results can be summarized as follows. 

1) We observed that the mask contrast and 
critical dose depended on the glancing angle. 

2) The cause of the taper profiles in atmos- 
pheric exposures was found to be diffusion 
of oxygen. He and N, are desirable exposure 
environments for precise pattern replication 
on CMR and PMMA. 

3) If the dose fluctuation is kept to within 
17 percent, the replication error can be kept 
to within 0.02 wm using a proximity gap of 
30 wm and a wavelength peak between 
0.42 nm and 0.50 nm, 
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These results clearly show the fundamental 
characteristics of soft X-ray lithography using 
SR. The future development targets for soft 
X-ray lithography using SR are longer wave- 
lengths and higher intensities using a thin Be 
window. 
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Telephone 


(82-417)-4-3660 
(86-591)-560070 
(1-408 )-432-1300 
(6 1-2)-410-4555 
(61-2)-975-2922 


(1-714)-630-7721 
(1-602)-921-5900 
(1-416)-673-8666 
(60-7)-482111 

(1-408)-562-1000 
(1-619)-481-4004 


(49-89)-413010 
(55-11)-885-7099 


(65)-296-1818 

(34-1)-581-8000 
(44-1)-5 73-4444 
(44-1)-5 73-4444 
(852-5)-8915780 


(1-203)-796-5400 


(39-2)-657-2741 
(82-2)-739-3281 


(65)-265-6511 


(1-408)-922-9000 
(353-1)-520744 


(39-2)-824-6170 


(44-628)-76100 


(60-3-511-1155) 


(852-3)-7320100 
(1-408)-434-1160 
(49-69)-66320 
(1-919)-790-2211 
(64-4) 733-420 


(46-8)-764-7690 
(63-2)-85-49-51 


(65)-224-0159 
(1-408)-988-8012 
(1-619)-481-4004 
(662-512)-1736 
(55-27)-225-0355 
(61-3)-670-4755 


(1-303)-678-0697 
(886-2)-713-5396 


(The information here as of December 28, 1989) 


Telex 


(82-417)-63-3671 
(86-591)-56-0022 
(1-408)-432-1318 
(61-2)-411-8603 
(61-2)-975-2899 


(1-714)-630-7660 


(1-602)-921-5999 
(1-416)-673-8677 
(60-7)-481-771 
(1-408)-748-7655 or 
(1-408)-727-0355 
(1-619)-481-5175 


(49-89)-652143 
(55-11)-885-9132 


(65)-298-1571 
(34-1)-581-8300 
(44-1)-5 73-2643 
(44-1)-5 73-2643 


(852-5)-721724 or 
(852-5) 8383630 
(1-203)-796-5665 or 
(1-203)-796-5723 


(39-2)-657-2257 
(82)-417-63-3671 


(65)-265-6275 


(1-408)-432-9044 
(353-1)-520539 


(39-2)-824-6189 


(44)-628-781484 


(60-3)-S11-1227 


(852-3)-722-7984 
(1-408)-434-0359 
(49-69)-6632122 
(1-919)-790-8376 
(64-4)-733-429 


(46-8)-28-0345 
(63-2)-817-7576 


(65)-225-5075 
(1-408)-492-1982 
(1-619)-481-4093 
(662-513)-2574 


(55-27)-225-0954 


(886-2)-717-4644 


FUJITSU LIMITED 


6-1, Marunouchi 1-chome, Chiyoda-ku, Tokyo 100, Japan 
Phone: National (03) 216-3211 International (Int'l Prefix) 81-3-216-3211 Telex: J22833 Cable: “FUJITSULIMITED TOKYO” 


